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ABSTRACT 1 
 2 
van den Berg, F., Paveley, N. D., Bingham, I. J., van den Bosch, F..  Physiological traits 3 
determining yield tolerance of wheat to foliar diseases.  Phytopathology x:x-x. 4 
 5 
Tolerance is defined as the ability of one cultivar to yield more than another cultivar, 6 
under similar disease severity. If both cultivars suffer an equal loss in healthy (green) leaf 7 
area duration (HAD) over the grain filling period due to disease presence, then the yield loss 8 
per unit HAD loss is smaller for a more tolerant cultivar.  Little is understood of what 9 
physiological  and developmental traits of cultivars determine disease tolerance.  In this study 10 
we use a mathematical model of wheat to investigate the effect of a wide range of wheat 11 
phenotypes on tolerance. During the phase from stem extension to anthesis, the model 12 
calculates the assimilate source and sink potential, allowing for dynamic changes to the 13 
source sink balance by partitioning assimilates between ear development and storage of water 14 
soluble carbon (WSC) reserves, according to assimilate availability.  To quantify tolerance, 15 
rates of epidemic progress were varied on each phenotype, leading to different levels of HAD 16 
loss during the post-anthesis, grain filling period.  Model outputs show that the main 17 
determinant of tolerance is the total amount of assimilate produced per grain during the rapid 18 
grain fill period, leading to a strong positive correlation between HAD per grain and 19 
tolerance.  Reductions in traits that affect carbon assimilation rate, and increases in traits that 20 
determine the amount of structural biomass in the plant, increase disease tolerance through 21 
their associated reduction in number of grains per ear.  Some of the most influential traits are 22 
the canopy green area index, carbon use efficiency and leaf specific weight.  Increased WSC 23 
accumulation can either increase or decrease tolerance.  Furthermore, a cultivar is shown to 24 
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be maximally tolerant when a crop is able to just fill its total sink size in the presence of 1 
disease.  The model has identified influential functional traits and established that their 2 
associations with tolerance have a mechanistic basis. 3 
Keywords: Septoria tritici blotch; Zymoseptoria tritici; source:sink balance; stem reserves; 4 
tolerance; Triticum aestivum L.; wheat; yield 5 
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INTRODUCTION 1 
Minimising losses from disease requires the development of integrated and sustainable 2 
approaches to disease management that couple techniques to maximise plant defence (disease 3 
tolerance and resistance) with appropriate methods of chemical and cultural control.  4 
Cultivars that are tolerant to disease have higher yields than intolerant cultivars at the same 5 
disease severity (Parker et al. 2004).  There is a clear relationship between measures of 6 
disease severity such as the area under the disease progress curve (AUDPC) and yield, 7 
whereby shallow slopes represent little yield loss per unit disease increase, and hence a high 8 
disease tolerance.  However, the use of AUDPC to measure tolerance has the clear 9 
disadvantage that, especially near the end of the growing season, it is difficult to distinguish 10 
between diseased and senesced leaf tissues.  AUDPC is also related to the healthy (green) 11 
area duration (HAD) of a crop and HAD is in turn related to yield.  A measure of tolerance 12 
based on HAD which has proven useful in experimental studies for foliar wheat diseases, 13 
such as Zymoseptoria tritici, is yield loss per unit loss in HAD of the crop canopy over the 14 
grain-filling period (Foulkes et al. 2006; Parker et al. 2004).  HAD is hereby quantified as the 15 
healthy area index of the crop canopy, integrated over time, as defined by Waggoner and 16 
Berger (1987).  Yield loss per unit HAD loss is smaller for more tolerant cultivars.  This 17 
metric of tolerance can be expressed as the slope of the straight line of yield (t ha
-1
) on HAD 18 
when there is a range of disease severities leading to a range of HAD values (Fig. 1).  19 
Cultivars with smaller slopes are classed as more tolerant.  Waggoner and Berger (1987) 20 
described why disease-induced HAD loss can be more predictive of yield loss than the more 21 
usual use of integrals of symptom area, such as area under the disease progress curve 22 
(AUDPC). The latter are generally based on relative measures of disease severity (i.e. 23 
percentages or fractions of leaf surface occupied by lesions) which, unlike HAD, do not take 24 
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into account the amount of green canopy area that remains. Parker et al. (2004) showed that 1 
for Z. tritici tolerance was indeed better quantified based on HAD loss than AUDPC. 2 
Any single metric used to quantify tolerance (Bingham et al. 2009) will, however, 3 
inevitably be a simple summary of complex underlying processes and relationships.  In this 4 
case, yield loss per unit HAD is the result of the complex, and often, non-linear, interactions 5 
by which crop-development and canopy characteristics affect the crop’s response to disease-6 
induced changes in light capture, assimilate production and  allocation and grain filling. Our 7 
model considers these complex mechanistic interactions to study how phenotypic traits and 8 
the dynamics of underlying variables affect the relationship of yield loss per unit HAD loss, 9 
as measured in the field. 10 
Note: We distinguish here between tolerance and partial resistance, whereas the 11 
former is often used loosely in the literature as a synonym for the latter. The 12 
difference can  be illustrated from figure 1. Tolerance is expressed as a smaller slope 13 
of the yield-HAD loss relationship, resulting in a reduced yield loss for any given 14 
disease-induced HAD loss. Resistance is expressed through a reduction in disease 15 
severity, resulting in a smaller disease-induced loss of HAD.  For any given size and 16 
duration of crop canopy (and hence HAD) in the absence of disease, a more resistant 17 
cultivar will be further to the right along the x-axis compared to a more susceptible 18 
cultivar. 19 
Progress with breeding cultivars for tolerance is hindered by lack of understanding about the 20 
traits and physiological processes that determine tolerance.  Tolerance is believed to be 21 
associated with a high HAD per unit grain number, suggesting that plants for which source 22 
capacity is in excess of sink capacity, are more tolerant of disease (see e.g. Bingham et al. 23 
2009).  Source and sink capacities are, however, inter-related and are each determined by a 24 
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number of physiological traits (for example, Sinclair and Jamieson (2006)).  Insight into the 1 
effect of physiological traits on source and sink dynamics, and how these feed through to 2 
tolerance, is thus needed to guide breeding. 3 
The methods used to determine tolerance in the field are labour intensive, which may 4 
explain why few experimental studies (Foulkes et al. 2006; Parker et al. 2004) have been 5 
published comparing tolerance values across a range of cultivars or near isogenic lines.  6 
Reliable guidance to plant breeders depends on being able to identify correlations between 7 
crop traits and tolerance that are a result of true mechanistic links.  In field experiments some 8 
correlations might arise by chance or because of correlations between traits (due to genetic 9 
linkage or concurrent selection in breeding programs).  Such spurious correlations can be 10 
confirmed or refuted in mathematical models since they allow traits to be varied 11 
independently. Although HAD per grain was strongly correlated with tolerance in the 12 
experiments of Foulkes et al. (2006) it is not clear which underlying physiological traits drive 13 
this correlation.  A mechanistic rationale is needed to add confidence that the relationship is 14 
causal.  Furthermore, as HAD per grain is a compound variable (HAD combines green 15 
canopy size and duration) it is important to establish which crop characteristics and 16 
physiological processes are most influential.  The study presented here therefore uses a 17 
mathematical model to identify and understand which traits determine the level of disease 18 
tolerance observed in wheat (Triticum aestivum L.). 19 
Madden and Nutter (1995) discuss a wide range of models describing the relationship 20 
between yield and different injury mechanisms, including models that provide a detailed 21 
description of the spatial and temporal dynamics of the disease. However, most of these 22 
models use a rather simple description of the development and growth of the ear and its grain. 23 
Others do not keep track of the accumulation of reserves of water soluble carbohydrate 24 
(WSC) in the stem, despite the fact that these dynamics strongly influence the source-sink 25 
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balance, which is believed to be a major effector of tolerance (Sinclair and Jamieson 2006). 1 
The same is true for the crop growth models that have been developed to support plant 2 
breeding (Beasse et al. 2000; Bingham and Topp 2009; Carretero et al. 2010).  In this paper 3 
we describe a new model that encompasses the physiological processes deemed important for 4 
disease tolerance, without making the model overly complex and hard to parameterise. 5 
The work addresses the following questions with respect to septoria tritici blotch, the 6 
major foliar disease of wheat in cool temperate cropping systems: 7 
• What physiological and developmental crop traits determine tolerance? 8 
• What trait combination makes a cultivar maximally tolerant? 9 
• Do the correlations between traits and tolerance reported in the experimental literature 10 
have a mechanistic rationale or are they likely to be spurious correlations? 11 
 12 
MATERIALS AND METHODS 13 
Model development.  This section describes the biological processes in the model.  For the 14 
model equations, parameter derivation and trait value ranges refer to the Supporting 15 
Information 1 (SI1).  A graphical representation of the model is given in Fig. 2, whereas 16 
Table 1 highlights which plant traits are considered to be subject to targeted breeding and will 17 
therefore be varied within the model simulations. 18 
Assumptions: The model tracks plant development and growth, and disease progress, 19 
across a crop growing season.  The Decimal Code system for wheat growth stages using the 20 
prefix GS is described in Zadoks et al. (1974).  Model calculations start at the onset of stem 21 
extension (GS31) as yield components affected by septoria tritici blotch are those which are 22 
determined after the start of stem extension.  23 
Many tillers are aborted between GS31 and GS61 (Sylvester-Bradley et al. 2008).  More 24 
recently developed tillers, i.e. those with the highest probability of being aborted after GS31, 25 
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tend to be small and located at the bottom of the canopy.  These tillers are unlikely to 1 
interfere significantly with light interception of the leaf tissues of the main shoot. 2 
Furthermore, ear numbers per m
2
 is a yield component seldom affected by septoria tritici 3 
blotch in northern Europe (Robert et al. 2014). Tiller abortion is therefore not explicitly 4 
modelled. In a well established crop, grown at typical (commercial) plant population 5 
densities, the number of ears produced per plant tends to be small (main shoot ear plus two 6 
primary tiller ears) and the synchrony in flowering between main shoot and first and second 7 
tillers  tends to be high. All tillers are therefore modelled as being at the same growth stage, 8 
whereby the  shoot density is represented by the number of fertile ears m
-2
. 9 
The dynamics and quantification of assimilate accumulation are accounted for on the basis 10 
of an individual shoot.  However, to enable the model to represent a crop as a population of 11 
shoots at a field scale, light interception by an individual shoot is based on the leaf area index 12 
of the crop (i.e. per unit ground area) – inter-shoot competition for light is therefore 13 
accounted for. 14 
Crop development.  The model tracks the green area index (GAI) of individual leaf layers 15 
(lamina and sheath), representing leaf growth and natural senescence.  Leaf growth is 16 
described by a monomolecular growth function (Thornley and Johnson 1990).  Each leaf has 17 
a specific leaf longevity related to its size after which leaf senescence commences SI2.  18 
Zymoseptoria tritici is a hemi-biotrophic foliar pathogen infecting wheat leaves and 19 
causing septoria tritici blotch. The effect of Z. tritici lesions is to reduce the green leaf area, 20 
thus reducing the photosynthetic capacity of the crop canopy (Paveley et al. 2012). Necrotic 21 
lesions intercept solar radiation, but are not photosynthetically active (Robert et al. 2006).The 22 
epidemic progress on each leaf layer is modelled according to a logistic equation, which 23 
provides an accurate presentation of the progress of septoria tritici blotch under a range of 24 
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conditions (Paveley et al. 2000).  It is assumed that diseased and senesced tissues (i.e. 1 
infectious and post-infectious) no longer contribute to photosynthesis (Robert et al. 2006).  2 
Biomass accumulation through photosynthesis.  The mean irradiance for a specific leaf 3 
layer is calculated using the Lambert-Beer relationship describing light interception 4 
(Thornley and Johnson 1990), whereby the light extinction coefficient represents both light 5 
transmission through the leaves and leaf angle.  The average daily rate of gross 6 
photosynthesis is then calculated using the standard non-rectangular hyperbola (Johnson and 7 
Thornley 1984) and converted to total CO2 fixed per shoot per day.  Subtracting the carbon 8 
that is lost to maintenance and growth respiration gives the daily net CO2 fixation.  Net CO2 9 
fixed is then converted to total C fixed per shoot per day and finally to dry matter 10 
accumulated per shoot per day (‘a’ in Fig. 2). 11 
Pre-anthesis biomass partitioning.  The total dry matter biomass accumulated per shoot 12 
from GS31 to anthesis (GS61) is firstly partitioned to plant leaves, structural stem and roots 13 
according to organ sizes and specific weights (‘b’ in Fig. 2).  It is assumed that total biomass 14 
accumulation is always sufficient to meet these demands, otherwise plants are not viable.  15 
Subsequently, the remainder of the biomass accumulated pre-anthesis is partitioned to either 16 
ear growth or stem reserves.  Few experimental data exist on what drives this partitioning and 17 
how the assimilates are split between ear growth and building up stem reserves.  This part of 18 
the model is hence necessarily of a descriptive nature rather than mechanistic.  There is, 19 
however, evidence that ear/grain growth may be maintained over that of stem & leaf 20 
structural growth when conditions are limiting. For example, the harvest index of cereals 21 
(barley) is increased by nitrogen deficiency as ear and grain growth is maintained relatively 22 
more than stem and leaf growth (Bingham et al. 2012).  Furthermore, early post-anthesis 23 
shading of barley reduces stem WSC concentrations but not soluble sugar concentration in 24 
developing grain (unpublished data by Kennedy).  Hence, we assume that the fraction that is 25 
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partitioned to the ear is a function of the total biomass accumulated pre-anthesis such that 1 
when there is little biomass to invest a proportionally larger fraction is allocated to the ear, 2 
whereas when there is a lot of biomass to invest a proportionally larger fraction is allocated to 3 
the stem reserves (‘c’ in Fig. 2).  All remaining biomass is partitioned to the stem as water 4 
soluble carbohydrate (WSC) for storage.  If the total amount of WSC partitioned to the stem 5 
reserves exceeds the stem storage capacity the excess is lost due to assimilate degradation or 6 
a temporary feedback inhibition of photosynthesis.  Additionally, it is assumed that increased 7 
stem heights lead to a relatively higher assimilate pull from the stem since Clarke et al. 8 
(2012) showed that partitioning to the ear decreases non-linearly with an increased stem 9 
height. 10 
Number of grains per ear. If a floret does not accumulate sufficient biomass it will not 11 
reach the development stage (anther initials in full development) required for successful 12 
fertilisation, leading to the abortion of the floret (Bancal 2008; Gonzalez et al. 2011).  These 13 
processes are summarised by modelling a direct relationship between pre-anthesis biomass 14 
allocated to the ear and number of grains per ear (‘d’ in Fig. 2). 15 
Post-anthesis biomass partitioning.  The leaves and ear are now fully developed and all 16 
further biomass accumulated is partitioned to structural stem biomass, the stem reserves and 17 
grain expansion/filling.  The post-anthesis period is split into two distinct periods: the slow 18 
fill and rapid grain fill periods (Bingham et al. 2007b; Xie et al. 2015). 19 
The slow fill period takes on average 2 to 3 weeks.  There is a continued allocation of 20 
assimilates to the stem reserves during this period (Sylvester-Bradley et al. 2008; Schnyder 21 
1993).  This continued allocation to the stem reserves is associated with some further stem 22 
growth (Sylvester-Bradley 1998a).  A fraction of the biomass accumulated during the slow 23 
fill period, and not invested in stem growth, is partitioned to the grain for endosperm 24 
formation whereas the rest is partitioned to the stem reserves.  As during the pre-anthesis 25 
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period it is assumed that when there is little biomass to invest a larger fraction is allocated to 1 
the grain (‘e’ in Fig. 2) and when the stem storage capacity is exceeded ‘excess’ assimilates 2 
are lost due to assimilate degradation or feedback inhibition of photosynthesis. 3 
Assimilate supply during the slow fill period determines the number of cell divisions that 4 
take place within the grain endosperm (Singh and Jenner 1984).  The resultant number of 5 
cells in turn determines the capability of the grain to store water that can be replaced by dry 6 
matter during the rapid fill period (Hasan et al. 2011).  These dynamics are summarised by a 7 
curvilinear relationship between the dry matter allocation to an individual grain during the 8 
slow fill period and the maximum potential grain DM content of the grain (‘f’ in Fig. 2). 9 
The final realised grain dry weight per ear at harvest is determined during the rapid fill 10 
period.  Any biomass accumulated during this period as a result of further light interception is 11 
directly invested in grain filling.  At the same time the stem reserves are remobilised to the 12 
grains.  Grain filling is, however, limited by the potential grain dry matter (DM) content 13 
determined during the slow fill period and the number of fertile grains set at anthesis.  The 14 
resultant grain yield is expressed as tonnes per hectare at 85% dry matter. 15 
Regression analysis to estimate tolerance.  For each disease pressure simulated, HAD 16 
(in m
2
 green leaf area per m
2
 ground area times duration in days) is calculated over the 17 
duration of the grain-fill period across the top four leaves.  Rates of epidemic progress are 18 
varied such that disease-induced HAD losses ranged between 5 and 50% under default 19 
conditions.  The chosen HAD loss range is based on the observations that disease severities > 20 
50% are rare and epidemics are unlikely to impact materially on yield for severities < 5%.  21 
Our measure for tolerance expressed as t ha
-1
 per HAD is then calculated as the slope of the 22 
yield-HAD relation (Figure 1), whereby small slopes denote more tolerant crops.  We then 23 
analyse how changes in parameters representing underlying source and sink traits affect the 24 
slope of this relationship. 25 
Page 11 of 88
Ph
yt
op
at
ho
lo
gy
 "F
irs
t L
oo
k"
 p
ap
er
 • 
ht
tp
://
dx
.d
oi
.o
rg
/1
0.
10
94
/P
H
Y
TO
-0
7-
16
-0
28
3-
R 
• p
os
te
d 
07
/2
1/
20
17
 
Th
is 
pa
pe
r h
as
 b
ee
n 
pe
er
 re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n 
bu
t h
as
 n
ot
 y
et
 b
ee
n 
co
py
ed
ite
d 
or
 p
ro
of
re
ad
. T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
.
F. van den Berg, Phytopathology, page 12 
 
By the definition used here, a crop is more tolerant when disease presence results in a 1 
smaller yield loss per unit HAD lost to disease.  Yield is the product of the crop’s total sink 2 
size and the percentage of the total sink the crop is able to fill during the grain-fill period.  3 
This can be summarised by 4 

	
∝
∆
∆
=
∆(		∗
%		  !"
#$$
)
∆
	  (1) 5 
where ∆ indicates the difference between a healthy and diseased crop.  The equation shows 6 
that it is the balance between ∆Total	sink	size, ∆%	sink	filled and ∆HAD that determines the 7 
level of tolerance.  A central question is whether one of these three factors is the key variable 8 
in explaining tolerance or whether they are all similarly important.  Insight at that level can 9 
guide us to characterise the crop physiological processes that are most influential to tolerance. 10 
The percentage of the sink that can be filled depends on the total amount of assimilate 11 
available for grain filling and the total sink size (number of grains per ear multiplied by the 12 
potential maximum grain volume), i.e. 13 
%	sink	filled ∝
	67	7	89:;<	=
#	7	?	∗?	@A@6@	7	=6@
∗ 100.  (2) 14 
The measure of % sink filled is a good indicator for the source:sink balance, whereby 100% 15 
sink filled indicates a fully sink limited crop (i.e. yield is limited by sink capacity).  The 16 
effect of a particular trait on tolerance is therefore determined by its relative effects on source 17 
and sink.   18 
Model calibration and validation. The model was calibrated according to data obtained 19 
from the HGCA wheat growth guide (Sylvester-Bradley et al. 2008) and its underlying 20 
reports (Spink et al. 2000a; Spink et al. 2004; Spink et al. 2000b; Sylvester-Bradley 1998a; 21 
Sylvester-Bradley 1998b; Sylvester-Bradley 1998c).  These data give the most 22 
comprehensive set of parameter estimates, based on many field experiments, for a single 23 
cultivar (Mercia) within the published literature (SI1).  Mercia is thus our benchmark 24 
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cultivar.  A literature search was performed to determine the current genotypic variability of 1 
plant traits (Table 1 and SI1), representing the variability in these traits across different 2 
cultivars. 3 
Some trait change correlations.  Increases in maximum canopy GAI are simulated by 4 
increasing all leaf sizes by the same percentage.  When the leaf area distribution is changed, 5 
the total canopy GAI is kept constant by reducing the total area of leaves 2 to 5 by the same 6 
amount that the flag leaf is increased.   7 
Two sets of traits were treated as being closely related, as they are unlikely to be varied 8 
independently in practice.  Changes to growth periods are assumed to be directly related to 9 
changes in canopy dynamics, whereby an increased pre-anthesis period is assumed to be 10 
associated with an equal percentage increase in phyllochron length.  An increased slow-fill or 11 
rapid-fill period goes paired with an increase in leaf longevity of the top five leaves by an 12 
equal number of days.   13 
Model validation. We validated the model using three distinct approaches. Firstly, we tested 14 
the model’s power to predict yield and yield components by comparing model predictions 15 
with published data from five independent field experiments.  This validation is reported in 16 
the SI3 as it does not directly relate to tolerance but presents evidence for the validity of our 17 
model.  Secondly, as a quantitative validation with respect to tolerance the range of published 18 
tolerance values was compared with the range of tolerance values predicted by the model.  19 
Thirdly, a qualitative validation is performed by comparing published and model derived 20 
trends between plant traits and tolerance.  None of the papers and data sets used within this 21 
validation exercise were used for model calibration. 22 
Testing diverse parameter sets.  We used the cultivar Mercia as the default 23 
parameter set (Table 1), and studied the effect of changes in parameters relative to this default 24 
set.  The question then is whether our conclusions would also hold for other parameter value 25 
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sets.  To test this we simulated parameter sets by randomly selecting values from the ranges 1 
determined (Table 1).  For each of these parameter sets we first determined the yield of the 2 
crop.  Since the aim was to identify trait combinations that will lead to improved disease 3 
tolerance, but at the same time maintain acceptable yields, we only determine tolerance as 4 
described above for those parameter sets that lead to crop yields greater than or equal to 5 
Mercia (9 t/ha in the field crops reported by Sylvester-Bradley (1998c)). 6 
 7 
RESULTS 8 
What physiological crop traits determine tolerance? The yield of a more tolerant plant is 9 
less strongly affected by disease presence than an intolerant plant. We therefore studied how 10 
trait changes affect certain source and sink components in the presence of the disease as 11 
compared to in the absence of disease (see individual lines in for example Figure 3). Trait 12 
changes leading to increased tolerance might then be identified by a smaller effect of disease 13 
on the source and/or sink components (the lines for disease absence and presence lie closer 14 
together, with the difference denoted by ∆). Equation (1) shows that the level of tolerance 15 
experienced by a plant is determined by the balance between ∆Total	sink	size, 16 
∆%	sink	filled and ∆HAD.  In this section we look at whether one of these three factors is the 17 
key variable in explaining tolerance. 18 
Let’s first consider the cases where a trait change has no effect on HAD and where 19 
additionally ∆%	sink	filled ≠ 0 (e.g. Fig. 3C for carbon use efficiency > 0.64). For these 20 
cases the results show that tolerance generally increases when ∆%	sink	filled decreases and 21 
vice versa (Fig. 3A, 4A).  There are few exceptions to this finding: these being for a small 22 
part of the trait range for the maximum number of grains per ear and maximum potential 23 
grain volume; Fig. 4A.  For trait changes that have an opposing effect on ∆Total	sink	size 24 
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and ∆%	sink	filled it is found that in most cases ∆%	sink	filled determines the overall effect 1 
on tolerance (Fig. 3B, 5B; SI4 (panel B in all figures)). When trait changes also affect ∆HAD, 2 
such as for GAI in Fig. 5 (and traits with closed symbols in Fig. 4A), the negative relation 3 
between ∆%	sink	filled and tolerance is maintained for most traits (Fig. 4A), although the 4 
effect is less pronounced than in cases where the trait change does not affect ∆ HAD  (open 5 
symbols in Fig. 4A).  Only two traits, the durations of the pre-anthesis period and the rapid 6 
grain fill period, show slightly different behaviour. 7 
Now, consider the case where the yield is fully sink limited., i.e. the plant is able to 8 
completely fill its available sink irrespective of whether disease is present or not). In the 9 
figures these cases are denoted by trait value ranges for which the % sink filled is the same in 10 
the presence and absence of disease (∆%	sink	filled = 0	&	
%		8
GG
= 1	 in eqn. (1); Fig. 11 
3C CUE < 0.64). In these extreme cases we still detect an effect on tolerance despite 12 
∆%	sink	filled not being affected and hence in these cases ∆Total	sink	size and ∆HAD 13 
control whether tolerance increases or decreases with a change in parameter (trait) value (Fig. 14 
3, SI4 panels B-D). 15 
For all trait ranges investigated the change in total sink size is driven predominantly by the 16 
number of grains per ear (Fig. 4D; SI4). In combination with the finding that there is a direct 17 
correlation between ∆%	sink	filled and tolerance, equation 2 shows that tolerance is therefore 18 
closely related to the total assimilate available per grain. The total assimilate available per 19 
grain is determined by both HAD and the WSC reserves. Although the results reveal a 20 
significant correlation between tolerance and HAD per grain (Fig. 4F), no clear trend 21 
between WSC reserves and tolerance can be identified (Fig. 4E). 22 
For the traits CUE (Fig. 3), stem height at anthesis, stem diameter and leaf specific weight 23 
the tolerance curve has a clear maximum (see also figures in SI4), which coincides with the 24 
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trait value where ∆	%	sink	filled goes from being larger than zero to zero.  A pre-requisite for 1 
maximal tolerance is thus that the source is just large enough to fill the sink in both the 2 
absence and presence of disease.  Note, however, that the plots have been created by 3 
simulating a single disease severity and that the exact location of the optimum depends on the 4 
disease severity encountered. 5 
Results comparison against experimental data. This section presents results for 6 
correlations between specific pairs of traits which have previously been reported as being 7 
associated in experimental data.  The discussion cites the relevant literature and describes the 8 
extent to which the modelling results agree with, or differ from, the experimental evidence. 9 
The model predicts that: (i) an increase in the maximum number of grains per ear is 10 
negatively correlated to tolerance (Fig. 6A), (ii) flag leaf area relative to total leaf area 11 
(referred to as leaf distribution) and tolerance are positively correlated (Fig. 6B), (iii) reduced 12 
stem height leads to a strong reduction in tolerance (Fig. 6C), (iv)  the maximum 13 
photosynthetic capacity (H@A
G ) is weakly negatively correlated with tolerance (Fig. 6D), (v) 14 
the maximum canopy GAI is positively correlated with tolerance (Fig. 6E) (vi) the light 15 
extinction coefficient is positively correlated with tolerance (Fig. 6F), and (vii)  increased 16 
grain-fill periods, which lead to increased HADs, lead to increased tolerance (Fig. 6G), whilst 17 
the length of the pre-anthesis period has a more or less neutral effect on tolerance (Fig. 3H). 18 
Results from diverse parameter sets.  Figure 7 shows the correlation between HAD per 19 
grain and tolerance for a wide range of parameter sets representing different cultivars. 20 
Despite there being considerable scatter around the regression line, the linear regression 21 
reveals a highly significant regression slope (p<0.00001) with an overall R
2
 of 0.48. 22 
 23 
 24 
DISCUSSION 25 
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The model analysis provides insights into the physiological traits that determine tolerance and 1 
helps to understand previous correlations of traits with tolerance reported in the literature.  2 
Relationships between ‘high level’ factors (sink size, % sink filled and HAD) and tolerance 3 
are discussed first, then we consider whether the analysis supports or refutes relationships 4 
between specific traits and tolerance reported previously in the literature. 5 
What physiological crop traits determine tolerance? There has been no previous 6 
consideration in the literature of whether there might be consistent patterns of association 7 
between high level factors and tolerance.  Such patterns have been found here, but there is 8 
little literature against which to compare the new findings summarised below.  When a trait 9 
change has no effect on HAD (and ∆%	sink	filled ≠ 0) the ∆%	sink	filled tends to be the 10 
main determinant of tolerance. The effect of Z. tritici on light interception and assimilation 11 
occurs predominantly post-anthesis (due to its long latent period relative to the rate of leaf 12 
emergence) at which point the number of grains per ear, i.e. the main determinant of the total 13 
sink size, has already been set. Hence, it is understandable that ∆%	sink	filled rather than 14 
∆Total	sink	size is the main determinant of tolerance. 15 
When trait changes also affect ∆HAD, ∆%	sink	filled still tends to be the main determinant 16 
of tolerance.  Equation 1, shows that if tolerance doesn’t change much with changes in 17 
∆%	sink	filled, then either ∆	total	sink	size has changed too or ∆HAD has changed (or both).  18 
As shown in SI4.16, increasing the pre-anthesis duration reduces % of sink filled in diseased 19 
but not non-diseased crops; reduces HAD in diseased but increases it in non-diseased and 20 
increases total sink in both.  Thus, both ∆%	sink	filled and ∆HAD are increased. The question 21 
is then why should an increase in the duration of the pre-anthesis period reduce HAD with 22 
disease but increase it without disease?  A longer pre-anthesis period was assumed to be 23 
associated with an increased phyllochron length, which results in an increased HAD in the 24 
absence of disease.  With the onset of the epidemic remaining constant this then means that 25 
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the disease has longer to develop, leading to an increased post-anthesis severity.  This in turn 1 
leads to a reduced HAD in the presence of disease and therefore an increase in ∆HAD.  2 
Similar, but less strong, effects can be identified for the rapid grain-fill period, due to the 3 
underlying assumption that an increased rapid-fill period is associated with increased leaf 4 
longevities for L1 to L5 (see figure SI4.18). 5 
When yield is fully sink limited, we find that ∆Total	sink	size and ∆HAD control whether 6 
tolerance increases or decreases.  This is counter-intuitive because if the sink is filled 7 
irrespective of whether disease is present or not one might expect the plant to be completely 8 
tolerant of disease.  However, the definition of tolerance includes absolute (rather than %) 9 
yield per unit HAD and for those trait changes resulting in continually increasing sink 10 
limitation, ∆Total	sink	size increases, leading to a decrease in tolerance. 11 
 Given that the main determinant of tolerance is the ∆%	sink	filled, equation 2 can 12 
now help understand the effect of individual trait changes on tolerance. Changes in total sink 13 
size were shown to be predominantly affected by the number of grains per ear rather than the 14 
potential maximum grain size, which means that tolerance is closely related to the total 15 
assimilate available per grain. Assimilate for grain filling comes from remobilised WSC 16 
reserves and assimilate produced by leaf photosynthesis during the rapid-fill period.  The 17 
contribution of WSC reserves in the simulations ranged from 26 to 66 % of the total available 18 
assimilate.  Hence, grain-filling relies heavily on assimilation by green leaf and sheath tissues 19 
during the rapid-fill period.  This results in a close correlation between HAD per grain and 20 
tolerance.  Despite its large contribution to yield, there is no consistent positive correlation 21 
between % yield from WSC reserves and tolerance that holds across a range of different 22 
traits/values (see later in discussion). 23 
In the majority of cases (15 of the 21 traits studied), trait changes do not affect HAD and, 24 
given the discussion above, in these cases an increased number of grains per ear decreases 25 
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tolerance because it decreases HAD per grain.  The number of grains per ear is determined by 1 
the amount of assimilate accumulated pre-anthesis and it is therefore straightforward to 2 
predict whether a change in trait value will affect the number of grains per ear and in what 3 
manner.  For example, traits affecting assimilation rate (light extinction coefficient, H@A
G  and 4 
carbon use efficiency (CUE)) are positively associated with pre-anthesis assimilate 5 
accumulation, leading to a larger number of grains per ear and reduced tolerance.  Traits that 6 
determine the amount of structural biomass in the plant (stem height, stem diameter, 7 
fractional stem thickness, leaf specific weight, stem specific weight and root mass) are all 8 
negatively associated with the amount of assimilate available for ear development, leading to 9 
a reduction in number of grains per ear and increased tolerance.  Surprisingly, traits 10 
regulating stem storage dynamics (stem storage efficiency and stem reserves remobilisation 11 
rate) did not affect the amount of assimilate available for ear development and thus had no 12 
effect on tolerance (See SI4 for the associated figures).  We conclude that in most cases the 13 
number of grains per ear is an indicator of tolerance, making it possible to predict the effect 14 
of trait changes on tolerance. 15 
This leaves the cases for which a trait change does affect HAD, i.e. the developmental 16 
period and canopy size traits (maximum canopy size, leaf area distribution, shoot density, 17 
pre-anthesis period, slow-fill period and rapid-fill period).  In all but one of these cases 18 
increased HAD coincides with increased HAD per grain and thus increased tolerance (See 19 
SI4 for associated figures), because variation in these traits resulted in a stronger effect on 20 
HAD than on the number of grains per ear.  The only exception is the duration of the pre-21 
anthesis period, which has, as would be expected, a stronger effect on the number of grains 22 
per ear than on HAD post-anthesis.   23 
Results comparison against experimental data. The analysis was designed to check 24 
whether associations between traits and tolerance reported from field experiments could be 25 
Page 19 of 88
Ph
yt
op
at
ho
lo
gy
 "F
irs
t L
oo
k"
 p
ap
er
 • 
ht
tp
://
dx
.d
oi
.o
rg
/1
0.
10
94
/P
H
Y
TO
-0
7-
16
-0
28
3-
R 
• p
os
te
d 
07
/2
1/
20
17
 
Th
is 
pa
pe
r h
as
 b
ee
n 
pe
er
 re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n 
bu
t h
as
 n
ot
 y
et
 b
ee
n 
co
py
ed
ite
d 
or
 p
ro
of
re
ad
. T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
.
F. van den Berg, Phytopathology, page 20 
 
explained mechanistically.  Associations which cannot be readily explained are more likely to 1 
be spurious correlations.  When varying the plant traits within the range of current genotypic 2 
variability, the model estimated a maximally achievable tolerance value (0.0171) close to the 3 
maximum reported in the literature (0.0141). Note that the values represent the slope of the 4 
HAD versus yield relationship and that smaller values therefore represent increased tolerance. 5 
The minimum tolerance values estimated by the model lie around 0.04, which compares well 6 
with the minimum of 0.036 reported within experimental studies (Foulkes et al. (2006) and 7 
Parker et al. (2004)).  When varying CUE we however found tolerance values up to 0.063 8 
(indicating extremely poor tolerance), but trait changes leading to extremely low tolerance 9 
also went paired with extremely low disease-free yield.  Such wheat lines would not be 10 
selected as elite cultivars or be included in field experiments where the aim is to increase 11 
tolerance whilst maintaining high yield. 12 
The effects of changes in traits on tolerance is largely in agreement with the trends derived 13 
experimentally or suggested within the literature. Most strikingly, Foulkes et al. (2006) found 14 
a significant negative correlation between grains m
-2
 and tolerance.  This finding is in close 15 
agreement with our conclusion that in the absence of an effect on HAD the key determinant 16 
of tolerance is the number of grains ear
-1
. 17 
The model results suggest that traits that increase the plant’s assimilation rate will result in 18 
a reduction in tolerance. Parker et al. (2004) compared the disease tolerance levels of plants 19 
with and without the 1BL/1RS translocation and found a negative correlation between the 20 
presence of the translocation and tolerance. This translocation has been associated with a 21 
possible increase in radiation use efficiency (RUE) (Foulkes et al., 2007) and thus an 22 
increased assimilation rate. This matches our prediction that tolerance is negatively 23 
associated with the plant’s assimilation rate.  24 
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Bingham et al. (2009) infer that larger extinction coefficients should lead to increased 1 
tolerance through greater interception of solar radiation per unit green area by leaves in the 2 
upper canopy.  This is in disagreement with our finding, although across the UK genotypic 3 
variability in light extinction coefficient, the effect on tolerance was estimated to be 4 
negligible.  5 
The only experimental study to assess the effect on tolerance of traits that determine the 6 
amount of structural biomass is the field study by Foulkes et al. (2006). They found that the 7 
presence of Rht-D1b alleles (associated with semi-dwarfing) did not have a significant effect 8 
on tolerance.  Their initial reasoning was that this is due to the Rht allele not affecting WSC 9 
reserves, but later argued that WSC might not affect tolerance anyway.  This case presents 10 
the main discrepancy between model and data, as our analysis suggest that trait changes that 11 
increase the amount of structural biomass are positively correlated with tolerance.  However, 12 
dwarfing genes have a number of pleiotropic effects such as increased ear fertility (Flintham 13 
et al. 1997), increased light extinction coefficients (Miralles and Slafer 2007) and shorter 14 
leaves (Calderini et al. 1996) with potentially opposing effects on tolerance.  It may be that 15 
these pleiotropic effects cause the previously reported absence of changes in tolerance with 16 
dwarfing.  17 
Previous work has suggested that increased WSC accumulation will increase disease 18 
tolerance, irrespective of the overall storage capacity (Bingham et al. 2009; Blum 1998; 19 
Ehdaie et al. 2006).  The only study directly testing this hypothesis found that WSC reserves 20 
were negatively correlated with tolerance (Foulkes et al. 2006).  The analysis reported here 21 
found  that changes to plant traits that increase WSC reserves stored per shoot can either 22 
increase or decrease tolerance.  There are two possible ways in which WSC reserves are 23 
related to tolerance.  The first is in the case of trait changes where there is a direct trade-off 24 
between WSC reserves and number of grains per ear.  The only trait for which this is the case 25 
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is the fraction ear versus stem reserves investment.  Yet, even in this case it is HAD per grain 1 
that determines tolerance.  The second is in the case of trait changes that lead to stem storage 2 
limitation during the slow-fill period.  The only trait for which this is the case is the shoot 3 
density (SI4 Fig. S13).  Increased shoot densities lead to both an increased HAD and a 4 
decreased number of grains per ear and hence an increased HAD per grain, suggesting that 5 
tolerance will increase with increased shoot densities.  However, an increased shoot density 6 
will also lead to an increased number of grains per m
2
, suggesting that overall HAD per grain 7 
might not increase much with an increased shoot density, which is supported by the weak 8 
positive effect of shoot density on tolerance (with shoot density changes modelled by changes 9 
in ears m
-2
).  In this case it is WSC that determines ∆	%	sink	filled and hence tolerance (SI4 10 
Fig. S6). 11 
Finally, our results reveal that trait changes that increase HAD (with the exception of an 12 
increased pre-anthesis period) coincide with an increased HAD per grain and increased 13 
tolerance.  The literature supports this finding. For example, Foulkes et al. (2006) found a 14 
positive correlation between flag leaf area and tolerance. Additionally, Bingham et al. (2009) 15 
infer that crops with large canopies might be more tolerant to disease through an increased 16 
ability to maintain radiation interception per unit green area loss to disease.  Similarly, for 17 
doubled-haploid progeny from a cross between UK cultivars Cadenza and Lynx, tolerance 18 
was found to be associated with high post-anthesis HADs (Paveley 2008).   19 
The model study has helped understand the processes involved in tolerance and has either 20 
supported, explained further or dispelled previously reported associations between certain 21 
traits and tolerance. Some findings remain unclear, with the main discrepancy between 22 
experimental data and model predictions regarding the effect of Rht-D1b alleles, as a proxy 23 
for changes in stem height, on tolerance. 24 
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Results from diverse parameter sets. The results presented in Figures 2-6 are all based 1 
on variations of single parameter values away from the benchmark Mercia parameter set. Our 2 
main conclusion based on these results is that HAD per grain is a good predictor of tolerance. 3 
The main question now is whether this conclusion is only valid for cultivars with parameter 4 
values very similar to Mercia or whether our conclusion would also hold for a wider range of 5 
cultivars. Running the results for a large range of diverse parameter sets (representing a range 6 
of different cultivars and potential within cultivar variability) has shown that despite there 7 
being quite some scatter around the tolerance and HAD per grain regression line, the 8 
relationship is highly significant, which generalises our main finding beyond Mercia. 9 
Model assumptions and their potential implications. Tolerance is the result of the 10 
complex and nonlinear interactions of light capture, assimilate production and allocation, leaf 11 
and stem growth, ear development and grain filling. Currently there is no model available that 12 
dynamically simulates the dynamics of the determination of ear size, the determination of 13 
grain number and potential grain size as a function of assimilate availability, and then 14 
accurately models the final grain filling. We have therefore developed a model that 15 
incorporates all these processes. This implies that the model is complex, but even in a 16 
complex model some simplifying assumptions are made. Here we discuss the possible 17 
consequences of our assumptions. 18 
Because of the limited data describing what drives the partitioning of assimilates between 19 
ear growth and accumulating stem reserves, this part of the model was necessarily descriptive 20 
rather than mechanistic.  It was assumed that the fraction of available assimilate that is 21 
partitioned to the ear is a function of the total biomass accumulated pre-anthesis such that 22 
when there is little biomass to invest, a proportionally larger fraction is allocated to the ear, 23 
whereas when there is a lot of biomass to invest a proportionally larger fraction is allocated to 24 
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the stem reserves.  When this dynamic partitioning fraction was replaced by a constant 1 
fraction, the results remained qualitatively unchanged (results not shown). 2 
We have assumed the environment to be constant. This is because one of the aims was to 3 
provide guidance to breeders on physiological traits affecting tolerance. Disentangling the 4 
interacting effects of individual traits on source and sink capacities and  tolerance is complex 5 
even under a constant environment (E); thus in this study we consider the genetic (G) effects 6 
only and for now not the GxE interactions.  However, the model has the capacity for 7 
investigating effects of environmental conditions (e.g. temperature and radiation) and the 8 
timing of disease epidemics on tolerance.  9 
Foliar pathogens can modify the growth of plants through multiple injury mechanisms 10 
(Boote et al., 1983; Gaunt 1995). The effects of injury on yield depend on the timing of the 11 
disease epidemic in relation to the phenology of the crop and the extent to which plants can 12 
compensate for the injury through adjustments in physiology and morphology (Boote et al. 13 
1983; Gaunt 1995; Bingham et al. 2009; Ney et al. 2012). Late epidemics provide fewer 14 
opportunities for morphological adjustments to take place (Gaunt 1995; Bingham et al. 2009). 15 
In wheat, the maximum leaf number and size is set by flag emergence and, with the exception 16 
of occasional late tillering, the number of ears and grains is determined by anthesis.   17 
In this study we have parameterised the model using data on Z. tritici. We have assumed 18 
that the contribution to tolerance of compensatory physiological and morphological 19 
adjustments (Bingham et al. 2009; Ney et al. 2013) in this pathosystem is small. In temperate 20 
climates, epidemics of septoria tritici blotch tend to develop late with disease reducing yield 21 
through effects on average grain weight and to a lesser extent grain number per ear rather 22 
than the number of ears (Forrer and Zadoks 1983; Robert et al. 2004). Epidemics are 23 
generally too late to induce differences in leaf size and number (Robert et al. 2004). Robert et 24 
al. (2006) reported that within Z. tritici infected leaves, reductions in net photosynthesis were 25 
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caused by the replacement of green tissue by necrotic lesions. In comparison with some other 1 
pathogens, reductions in net photosynthesis in asymptomatic tissue surrounding the visible 2 
lesions were small. Moreover, there is little evidence of compensatory adjustments in the 3 
photosynthetic rate or growth of non-infected leaves on wheat infected with Z. tritici 4 
(Bingham et al. 2009; Ney et al. 2013; but see Zuckerman et al. 1997). These observations 5 
are consistent with reports that septoria tritici blotch has little effect on the radiation use 6 
efficiency of field grown wheat (Serrago et al. 2009). Other foliar diseases share similar 7 
patterns of disease progress curves, because the timing of disease on each leaf layer is 8 
determined largely by leaf emergence (Paveley et al. 2000). The methods used should 9 
therefore be applicable to other foliar diseases of wheat. However, the model would need 10 
specific parametrisation to account for differences between pathogens on photosynthetic 11 
activity beyond visible disease lesions (Scholes and Rolfe 2009; Rolfe and Scholes 2010) and 12 
on potential compensatory adjustments in growth and photosynthetic activity (Ney et al. 13 
2013).    14 
Traits that confer tolerance in wheat might not do so in others crops.  For example, barley 15 
is more sink limited than wheat (Bingham et al. 2007a, Bingham et al. 2007b), and early 16 
treatment of foliar disease often results in increases in sink components (shoots m
-2
 and 17 
grains ear
-1
).  Therefore, it would be inappropriate to extrapolate our results directly to other 18 
crop species.  After suitable parameterisation the model can be used to simulate and 19 
investigate source-sink relations and their influence on disease tolerance in other cereal crops.  20 
As such, it promises to be a valuable tool for guiding the improvement of tolerance in a range 21 
of species. 22 
 23 
SUPPLEMENTARY INFORMATION 24 
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The Supplementary Information contains a full model description including model equations, 1 
a parameter derivation,  an overview of the current genotypic variability in plant traits, results 2 
for additional model testing and results for the effect of individual trait changes on tolerance 3 
trends. 4 
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TABLE 1.  Description of the traits that could be subject to targeted breeding.  All default model parameters are representative for the wheat 1 
cultivar Mercia.  The current trait ranges describe the current genotypic variability for each trait based on genotype means as found in the 2 
literature.  3 
Trait description Units Mercia trait value Current trait range 
Pre-anthesis period days 59 51-65 
Slow-fill period days 16 5-21 
Rapid-fill period days 34 24-37 
Shoot density m
-2
 578 294-578 
Maximum canopy GAI - 6.03 3.26-7.51 
Carbon use efficiency - 0.79 0.62-0.79 
Light extinction coefficient - 0.53 0.37-0.58 
Maximum photosynthetic capacity mol CO2 m
-2
 leaf d
-1
 1.83 1.28-2.07 
Fraction ear versus stem reserves investment - 0.48 0.37-0.49 
Maximum number of grains per ear - 59.30 57.37-97.44 
Fraction grain versus stem reserves investment - 0.55 0.50-0.59 
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Maximum potential grain DM content G 0.048 0.040-0.056 
Leaf specific weight g m
-2
 32 31.8-54.0 
Root mass g shoot
-1
 0.17 0.11-0.17 
Stem specific weight g m
-1
 1.36 1.08-1.62 
Stem height at anthesis M 0.64 0.64-1.10 
Stem diameter M 0.0033 0.0032-0.0041 
Factional stem thickness - 0.35 0.33-0.38 
Stem storage efficiency g m
-3
 287075 220341-353087 
Stem reserves remobilisation rate day
-1
 0.088 0.081-0.125 
Leaf distribution (flag leaf area / area of top five leaves) - 0.23 0.23-0.43 
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 1 
Fig. 1 Linear regression through simulated data of yield on HAD (green tissue area per unit 2 
ground area integrated over time). The slope of the regression line is a measure for tolerance, 3 
whereby smaller slopes denote a more tolerant crop. The dots and solid line are for Mercia 4 
and the triangles and dotted line represent a more tolerant cultivar. Note that a decrease in 5 
HAD is the result of increased disease severity.  6 
 7 
Fig. 2 Graphical representation of the model. Light interception and disease affect the dry 8 
matter accumulation of individual wheat shoots. The total biomass accumulated during the 9 
pre-anthesis period is firstly allocated to the leaves, roots and structural stem tissues. The 10 
remainder is then allocated to either the ear or stem reserves, whereby the ear investment 11 
determines the number of grains per ear. During the slow grain-fill period there is some 12 
further biomass allocation towards structural stem tissues, after which the remainder is 13 
partitioned to either stem reserves or endosperm cell division. The endosperm investment 14 
determines the maximum potential dry matter (DM) content of an individual grain. During 15 
the rapid-fill period, all additional biomass accumulated is directly allocated to the grain and 16 
the stem reserves are remobilised to the grain. Dashed lines denote feedback loops due to 17 
storage limitation. Note that the width of the columns is not indicative of the length of the 18 
growth periods. Letters refer to the main text of the materials and methods and illustrate the 19 
dynamics described therein. 20 
 21 
 22 
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Fig. 3 Effect of changes in carbon use efficiency (CUE) on disease tolerance. The trends in 1 
tolerance (squares in (a)) across the trait value range are explained according to the effects of 2 
the presence of a severe epidemic on four main components: (A) yield; (B) total realised sink 3 
size; (C) percentage of total sink filled at the end of the rapid-fill period and (D) healthy area 4 
duration (HAD). Panels (E) - (H) illustrate how the same trait change affects: (E) number of 5 
grains per ear; (F) amount of WSC per stem at the end of the slow grain-fill period; (G) 6 
percentage of stem storage capacity used at the end of the slow-fill period and (H) HAD per 7 
grain. Triangles represent disease-free/fully treated crops, whereas circles represent crops 8 
affected by a severe epidemic. Blank areas in the plot represent traits that lead to not viable 9 
plants, i.e. the assimilates collected pre-anthesis are not sufficient to cover the demand of the 10 
leaves, roots and stem structural tissues. Note that tolerance increases with a decreased yield 11 
loss per unit HAD loss. The x-axis is representative of the current genotypic variability for 12 
the trait in question as identified during a literature search. 13 
 14 
Fig. 4 Correlation plots for a selection of traits tested across their full trait range. (A) 15 
tolerance versus ∆	%	sink	filled; (B) tolerance versus ∆	total	sink	filled; (C) tolerance versus 16 
∆	HAD; (D) grains per ear versus total sink size; (E) tolerance versus water soluble carbon 17 
(WSC) reserves and (F) tolerance versus HAD per grain, where HAD stands for the healthy 18 
area duration. Closed and open symbols represent traits affected by HAD and not affected by 19 
HAD, respectively. That trait changes for which ∆	%	sink	filled = 0 have been excluded 20 
from (A), (B) and (F).  21 
 22 
Fig. 5 Effect of changes in canopy size on disease tolerance. The layout and description for 23 
the figure are as for Fig. 3. 24 
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 1 
 2 
Fig. 6 Model validation. Panels (A) to (I) show the effect of a 10% increase or decrease of an 3 
individual trait value away from its default value (circle) which represents the wheat cultivar 4 
Mercia. The arrows indicate the predicted direction of effect according to the literature for the 5 
same or similar plant traits, whereas a horizontal line suggests no effect. Note that in most 6 
cases the effect has not been determined through experimentation. The steepness of the arrow 7 
is not indicative of the strength of the effect. ‘Leaf distribution’ refers to the fractional size of 8 
the flag leaf compared to the total leaf area of the top five leaves. 9 
 10 
Fig. 7 Correlation between healthy area duration (HAD) per grain and tolerance for a large 11 
set of data sets randomly selected from the ranges in Table I. Note that for each of these 12 
randomly selected parameter sets the crop yields more than 9 t/ha. The solid line represents 13 
the linear regression through the data points (p<0.00001). 14 
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Fig. 1 Linear regression through simulated data of yield on HAD (green tissue area per unit ground area 
integrated over time). The slope of the regression line is a measure for tolerance, whereby smaller slopes 
denote a more tolerant crop. The dots and solid line are for Mercia and the triangles and dotted line 
represent a more tolerant cultivar. Note that a decrease in HAD is the result of increased disease severity.  
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Fig. 2 Graphical representation of the model. Light interception and disease affect the dry matter 
accumulation of individual wheat shoots. The total biomass accumulated during the pre-anthesis period is 
firstly allocated to the leaves, roots and structural stem tissues. The remainder is then allocated to either 
the ear or stem reserves, whereby the ear investment determines the number of grains per ear. During the 
slow grain-fill period there is some further biomass allocation towards structural stem tissues, after which 
the remainder is partitioned to either stem reserves or endosperm cell division. The endosperm investment 
determines the maximum potential dry matter (DM) content of an individual grain. During the rapid-fill 
period, all additional biomass accumulated is directly allocated to the grain and the stem reserves are 
remobilised to the grain. Dashed lines denote feedback loops due to storage limitation. Note that the width 
of the columns is not indicative of the length of the growth periods. Letters refer to the main text of the 
materials and methods and illustrate the dynamics described therein.  
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Fig. 3 Effect of changes in carbon use efficiency (CUE) on disease tolerance. The trends in tolerance 
(squares in (a)) across the trait value range are explained according to the effects of the presence of a 
severe epidemic on four main components: (A) yield; (B) total realised sink size; (C) percentage of total 
sink filled at the end of the rapid-fill period and (D) healthy area duration (HAD). Panels (E) - (H) illustrate 
how the same trait change affects: (E) number of grains per ear; (F) amount of WSC per stem at the end of 
the slow grain-fill period; (G) percentage of stem storage capacity used at the end of the slow-fill period and 
(H) HAD per grain. Triangles represent disease-free/fully treated crops, whereas circles represent crops 
affected by a severe epidemic. Blank areas in the plot represent traits that lead to not viable plants, i.e. the 
assimilates collected pre-anthesis are not sufficient to cover the demand of the leaves, roots and stem 
structural tissues. Note that tolerance increases with a decreased yield loss per unit HAD loss. The x-axis is 
representative of the current genotypic variability for the trait in question as identified during a literature 
search.  
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Fig. 4 Correlation plots for a selection of traits tested across their full trait range. (A) tolerance versus ∆ % 
sink filled; (B) tolerance versus ∆ total sink filled; (C) tolerance versus ∆ HAD; (D) grains per ear versus 
total sink size; (E) tolerance versus water soluble carbon (WSC) reserves and (F) tolerance versus HAD per 
grain, where HAD stands for the healthy area duration. Closed and open symbols represent traits affected by 
HAD and not affected by HAD, respectively. That trait changes for which ∆ % sink filled=0 have been 
excluded from (A), (B) and (F).  
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Fig. 5 Effect of changes in canopy size on disease tolerance. The layout and description for the figure are as 
for Fig. 3.  
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Fig. 6 Model validation. Panels (A) to (I) show the effect of a 10% increase or decrease of an individual trait 
value away from its default value (circle) which represents the wheat cultivar Mercia. The arrows indicate 
the predicted direction of effect according to the literature for the same or similar plant traits, whereas a 
horizontal line suggests no effect. Note that in most cases the effect has not been determined through 
experimentation. The steepness of the arrow is not indicative of the strength of the effect. ‘Leaf distribution’ 
refers to the fractional size of the flag leaf compared to the total leaf area of the top five leaves.  
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Fig. 7 Correlation between healthy area duration (HAD) per grain and tolerance for a large set of data sets 
randomly selected from the ranges in Table I. Note that for each of these randomly selected parameter sets 
the crop yields more than 9 t/ha. The solid line represents the linear regression through the data points 
(p<0.00001).  
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Phytopathology Supporting Information SI1 1 
Article title: Physiological and developmental traits determining yield tolerance of wheat 2 
to foliar diseases 3 
Authors: van den Berg, F., Paveley, N. D., Bingham, I. J. and van den Bosch, F.  4 
 5 
Model development 6 
Crop development. Tillering and shoot density. It is assumed that aborting tillers are not a 7 
main drain on or source of remobilisation of assimilates and that flowering on main stems 8 
and tillers occurs close together. Therefore all tillers are modelled as main stems. The shoot 9 
density, N, is represented by the number of fertile ears per m
2
. 10 
Leaf area growth and senescence. Culm leaves are numbered down the shoot, such that the 11 
flag leaf is denoted by LI, the next leaf down by L2, and so on. The green area, GA, of a 12 
single leaf, n, is described by a monomolecular growth function (Thornley and Johnson 1990) 13 
followed by monomolecular decline due to leaf senescence, leading to 14 GA =15 
	
 + 	 − 	
,                                 ≤  < "##"$#$# 		
 + 	&#' − 	
()*+,     "##"$#$# ≤  ≤ &#'0,																																																			 > &#'  16 
 (1) 17 
where t, "##"$#$# and &#' are the times of leaf initiation, leaf senescence 18 
onset and leaf death, respectively; 	 is the initial leaf size when the leaf first becomes 19 
visible; 	
 is the maximum area leaf n attains (in cm2); 	&#' is the healthy leaf area size 20 
below which the leaf is assumed dead; . is the leaf growth rate and / is the mean leaf 21 
senescence rate. 22 
Note that here leaf initiation refers to the point at which the leaf becomes visible and 23 
starts to grow and not the initiation of the leaf primordial within the shoot apex. Throughout 24 
the text the phrase ‘leaf’ refers to the leaf lamina and its associated leaf sheath. 25 
Green area index. The seasonal development of the green area index of a given leaf layer 26 
(GAI in m2 leaf area per m2 ground area) can be derived from the green leaf area of the leaf 27 
layer, GA, multiplied by the shoot density, N (in m-2 ground), such that 28 GAI = 1234444 5.     (2) 29 
Senesced area index (DAI). Senesced tissues might behave different as compared to healthy 30 
tissues with regards to photosynthesis and/or light interception. It is therefore essential to 31 
track the dead area index for individual leaf layers (DAI in m2 leaf per m2 ground) 32 
separately, leading to 33 
DAI = 70,	                                            < "##"$#$#89:34444 5 − GAI,         	 ≥ "##"$#$#   (3) 34 
Disease dynamics. The epidemic progress on an individual leaf layer is modelled according 35 
to a logistic equation describing the seasonal increase in the fractional disease severity, <, 36 
such that 37 < = =9:3>?@ABC/E9:BC/E9: FGAHIAIJ*    (4) 38 
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and whereby <4 is the area taken up by the lesions caused by the initial spore influx on a leaf, 39 <
 is the maximum disease severity, K is the initial rate of epidemic progress and "# 40 
is the onset time of the epidemic. For the rosette leaves an average disease severity is 41 
calculated to represent the disease progress over the life-span of the rosette leaves. 42 
Mean daily irradiance. The mean daily solar radiation in the UK, LM2N in MJ PAR m-2 43 
ground d
-1
, can be represented by a cosine function (Sylvester-Bradley, Berry et al. 2005), i.e. 44 
LM2N = OP#Q + O
R − O
R cos ? VWX*Y + O'QF    (5) 45 
with OP#Q the vertical location, O
R the amplitude, OZQ#[ the frequency and O'Q the horizontal 46 
location of the curve. 47 
 Light interception is calculated for the individual leaf layers, with the exception of 48 
leaf 6 and below, which form the rosette of the plant. The leaves forming the rosette are 49 
treated as a single leaf layer for light interception and photosynthesis. Light interception is 50 
traditionally represented by the Lambert-Beer relationship (Thornley and Johnson 1990) and 51 
hence given light extinction coefficient, \, the fraction of solar radiation intercepted by a leaf 52 
layer, ], is calculated from 53 ] = 1 − _12`>_3_X*)abc2`∑ _12`e>_3_X*)abc2`eA@ef@ 	for	i ≤54 5 (6) 55 
 56 ]Q"## =57 1 − _12`XJ**>_3_X*)abc2`XJ**∑ _12`e>_3_X*)abc2`ekef@ 	for	i =58 6 (7) 59 
with 60 GAIQ"## = ∑ GAI33mn  and DAIQ"## = ∑ DAI33mn  (8) 61 
Although senesced tissues still contribute to light interception they might do so at a reduced 62 
level due to shrivelling of the tissues, which is denoted by a fractional reduction, \oGpqrVs, 63 
in the light extinction coefficient. The mean irradiance, L, in MJ PAR m-2 leaf d-1 is then 64 
given by 65 L = tuEvwx8t>3_Hyz{|Ie}~8t 	for	i ≤ 5 and  66 Los(GG = tuEvwH}yIIyx8tH}yIIy>3_Hyz{|Ie}~8tH}yIIy 	for	i = 6  (9) 67 
Biomass accumulation through photosynthesis. We assume that senesced and diseased 68 
tissues no longer contribute to photosynthesis and that there is no specific feedback of the 69 
disease on natural leaf senescence (i.e. the processes are independent). The mean irradiance 70 
intercepted by leaf i that is contributing to photosynthesis, LM', is then given by 71 LM' = L 1212>3_X*)abc2 1 − <   (10) 72 
The relationship between the average daily rate of gross photosynthesis, Q"", in mol CO2 73 
m
-2
 leaf d
-1
 and the mean irradiance contributing to photosynthesis, LM', on the leaf 74 
surface of leaf i can be described by a non-rectangular hyperbola (Johnson and Thornley 75 
1984) such that 76 Q"" =77 3 ?LM' + 
 − LM' + 
 − 4LM'
3/F (11) 78 
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Here,  is the photochemical efficiency represented by the initial slope of the photosynthesis-79 
light response curve in mol CO2 MJ
-1
, 
 is the light-saturated rate of photosynthesis in 80 
mol CO2 m
-2
 leaf d
-1
 and  is a parameter describing the degree of curvature of the response. 81 
For the rosette LM'XJ** and Q""XJ** are calculated according to GAIQ"## 82 
and DAIQ"##. 83 
 Leaves containing a reduced nitrogen concentration have a lower 
 value. The 84 
distribution of nitrogen within the canopy tends to follow the canopy PAR profile and 
 85 
can therefore be estimated from 86 

 = 7
4 ,																																																																																																	i = 1
4 1 −  1 − ∑ _12`e>_3_X*)abc2`eef  ,				i ≥ 2   (12) 87 
where 
4  is the light saturated rate of photosynthesis of the uppermost leaf layer, the 88 
exponent represents the total leaf area index below the upper canopy surface and λ is its rate 89 
of decline down the canopy (Thornley and Johnson 1990). 90 
 From here we calculate the total CO2 fixed per shoot per day, Q"". 91 Q"" = Q""XJ**	Q"## + ∑ Q""e	VVm3  (13) 92 
It is assumed that a fraction of the carbon that is fixed daily is lost to maintenance and growth 93 
respiration such that the daily net CO2 fixation, #, can be given by, 94 # = CUE	Q"",    (14) 95 
where CUE is the carbon use efficiency as defined by Gifford (1995) and Albrizio and 96 
Steduto (2003). Net CO2 fixed can be converted to total C fixed per shoot per day with the 97 
simple conversion factor conv
	→	. The net CO2 fixation in mol shoot-1 d-1 is then 98 
converted to dry matter accumulated per shoot per day, 	"', i.e.  99 
   	"' = #conv
	→	conv	→	c  (15) 100 
Pre-anthesis biomass partitioning. The dry matter biomass accumulated per shoot from 101 
GS31 to anthesis at GS61, 	131n3, is calculated from the integral of 	"', such that 102 
 	131n3 =  	"'@ @ .   (16) 103 
This biomass is partitioned to several different plant organs: plant leaves, structural stem, 104 
roots, stem reserves and the ear. 105 
 The stem reaches its maximum height around anthesis and the total amount of dry 106 
matter accumulated in the structural stem tissues between GS31 and GS61, 	"#
, is then 107 
given by 108 	"#
 = ℎ"#
1n3 − ℎ"#
13¢"#
	#'→P£
#¢"#
	P£
#→c (17) 109 
with 110 ¢"#
	#'→P£
# = ¤0.5¦"#
§"#
. 111 
Here, ℎ"#
13 and ℎ"#
1n3 are the stem height at GS31 and GS61, respectively, 112 ¢"#
	#'→P£
# denotes the conversion from stem length to stem dry matter volume, 113 ¢"#
	P£
#→c denotes the conversion from stem dry matter volume to stem dry matter 114 
weight, ¦"#
 is the stem diameter and §"#
 is the fractional stem thickness. 115 
 Furthermore, artificial shading, which is also a surrogate for mutual shading of leaves 116 
(due to changes in leaf position across the main stem) and stems (due to changes in shoot 117 
density), is known to lead to a reduction in dry matter accumulation in the structural stem and 118 
leaf tissues (Beed, Paveley et al. 2007). Stem diameter and stem wall thickness are likely to 119 
be genetically determined traits and are thus unlikely to be affected by a reduced light 120 
availability and hence it is assumed that the reduction in structural stem dry matter 121 
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accumulation manifests itself through an decreased specific stem weight and hence a 122 
reduction in ¢"#
	P£
#→c. The relationship is summarised in the model by, 123 
    ¢"#
	P£
#→c = ¨ + © ∗ 	131n3   (18) 124 
whereby a and b represent the intercept and the slope of the relationship, respectively.  125 
 All leaves emerge before anthesis and some leaves will have fully or partially 126 
senesced at anthesis. The total amount of dry matter accumulated in the leaves, 	#P#", 127 
between GS31 and GS61 is therefore 128 	#P#" = «GA1n3 + DA1n3 − GA13 + DA13¬ ¢#Z	Q#→c  (19) 129 
where DA represents the senesced tissue area on the shoot. The reduction in leaf specific 130 
weight, ¢#Z	Q#→c, due to reduced light availability is summarised by 131 ¢#Z	Q#→c = ¢ +  ∗ 	131n3. 132 
The roots reach their maximum length around anthesis and the total amount of dry 133 
matter accumulated in the root tissues between GS31 and GS61, 	Q", is then given by 134 	Q" = ­Q"1n3 − ­Q"13    (20) 135 
where, ­Q"13 and ­Q"1n3 are the root masses of an individual plant at GS31 136 
and GS61, respectively. 137 
 The remainder of the biomass, 	Q#
&#Q, has been partitioned to either the ear or the 138 
stem reserves, i.e. 139 	Q#
&#Q1n3 = 	131n3 − 	"#
 − 	#P#" − 	Q".  (21) 140 
It is assumed that biomass production is always sufficient to meet the demand of the leaves, 141 
roots and structural stem and therefore only cases that lead to 	Q#
&#Q1n3 ≥ 0 are 142 
considered. 143 
Partitioning between the ear and the stem reserves. The fraction of 	Q#
&#Q that is 144 
partitioned to the ear, ®#Q¯X*A+*JJ, is assumed to be a function of the total biomass 145 
produced, i.e. 	131n3 in such a way that when there is little biomass to invest a 146 
proportionally larger fraction is allocation to the ear, whereas when there is a lot of biomass 147 
to invest a proportionally larger fraction is allocated to the stem reserves. This leads to a total 148 
ear DM investment, 	#Q, of 149 	#Q = ®#Q¯X*A+*JJ	Q#
&#Q   (22) 150 
with 151 
    ®#Q¯X*A+*JJ = °9:¯X*A+*JJ3>±8 @A@     (23) 152 
whereby ®
¯X*A+*JJ the maximum 	Q#
&#Q fraction allocated to the ear and ² a shape 153 
parameter. Furthermore, Clarke, Sylvester-Bradley et al. (2012) showed that partitioning to 154 
the ear decreases non-linearly with an increased stem height, probably due to a relatively 155 
higher assimilate pull from the stem, which we model according to, 156 ² = /3ℎ"#
1n3¤0.5¦"#
§"#
   (24) 157 
 All the other biomass, 1 − ®#Q¯X*A+*JJ	Q#
&#Q, has been partitioned to the 158 
stem for storage in the form of water soluble carbon (WSC; fructan based stem reserves 159 
stored within the vacuoles present within the structural stem tissues), leading to a WSC 160 
accumulation of 161 
Page 46 of 88
Ph
yt
op
at
ho
lo
gy
 "F
irs
t L
oo
k"
 p
ap
er
 • 
ht
tp
://
dx
.d
oi
.o
rg
/1
0.
10
94
/P
H
Y
TO
-0
7-
16
-0
28
3-
R 
• p
os
te
d 
07
/2
1/
20
17
 
Th
is 
pa
pe
r h
as
 b
ee
n 
pe
er
 re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n 
bu
t h
as
 n
ot
 y
et
 b
ee
n 
co
py
ed
ite
d 
or
 p
ro
of
re
ad
. T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
.
	"#
	Q#"#QP#" = 1 − ®#Q¯X*A+*JJ	Q#
&#Q.  (25) 162 
 The total amount of DM accumulated in the ear and in the form of stem reserves at 163 
anthesis	DM#Q1n3, and DM"#
	Q#"#QP#"1n3, respectively, are then given by 164 DM#Q1n3 = 	#Q + DM#Q	13   (26) 165 DM"#
	Q#"#QP#"1n3 = 	"#
	Q#"#QP#" + DM"#
	Q#"#QP#"	13  (27) 166 
with DM#Q	13 and DM"#
	Q#"#QP#"	13 the ear and WSC dry matter weights at GS31. 167 
However, we assume that the total amount of WSC that is actually stored in the stem 168 
is directly related to stem volume, whereby taller stems can store more assimilates. If the total 169 
amount of WSC partitioned to the stem reserves exceeds the stem storage capacity, <$R$´, 170 
the excess is lost due to assimilate degradation or a temporary reduction in photosynthesis. In 171 
summary this gives 172 
<$R$´ = ℎ"#
1n3¤0.5¦"#
§"#
/ (28) 173 DM"#
	Q#"#QP#"1n3 =174 µDM"#
	Q#"#QP#"1n3, DM"#
	Q#"#QP#"1n3 ≤ <$R$´	<$R$´,																										DM"#
	Q#"#QP#"1n3 > <$R$´  (29) 175 
Number of grains. The relationship between the pre-anthesis biomass allocated to the ear and 176 
the number of fertile florets is in the model represented by 177 NG = ·c*X@¸>c*X@    (30) 178 
with NG the average number of grains per ear and ¹ and º genotype specific shape 179 
parameters. 180 
Post-anthesis biomass partitioning. The leaves and ear are now fully developed and all 181 
further biomass accumulated is partitioned to the structural stem, the stem reserves or grain 182 
development/filling. The post-anthesis period is split into two distinct periods: i) the slow fill 183 
period during which endosperm cell division takes place and the grains grow largely by water 184 
uptake rather than dry matter uptake and ii) the rapid grain fill period during which stem 185 
reserves are relocated towards the grains and any biomass accumulated through 186 
photosynthesis is directly invested into grain filling. 187 
The slow fill period. During this period there is a continued allocation of assimilates to the 188 
stem reserves and a small amount of further stem growth (Sylvester-Bradley 1998). It is 189 
assumed that a fraction ®QJ»¼AW»» of the biomass accumulated during the slow fill period, 190 
and not invested in stem growth, is partitioned to the grain for endosperm formation whereas 191 
the rest is partitioned to the stem reserves. As during the pre-anthesis period it is assumed that 192 
when there is little biomass to invest a proportionally larger fraction is allocation to the grain. 193 
The dry matter content in the grain and the stem reserves at the start of the rapid fill period, 194 DMQQR&Z and DM"#
	Q#"#QP#"QR&Z, respectively, can then be calculated to be 195 
 DMQQR&Z = ®QJ»¼AW»»	"½Z − 	"#
J»¼AW»»  (31) 196 DM"#
	Q#"#QP#"QR&Z =197 1 − ®QJ»¼AW»»	"½Z − 	"#
J»¼AW»» + DM"#
	Q#"#QP#"1n3  (32) 198 
with    	"½Z =  	"'X¯)AW»»@ ,   (33) 199 	"#
J»¼AW»» = ℎ"#
QR&Z − ℎ"#
1n3¢#'→P£
#¢P£
#→c 200 
 (34) 201 
and    ®QJ»¼AW»» = °9:J»¼AW»»3>¾8J»¼AW»».    (35) 202 
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Note, that it is again assumed that i) the fraction that is partitioned to the grain depends on the 203 
stem storage volume whereby larger stems go paired with a relatively higher assimilate 204 
demand, such that ¿ = /ℎ"#
QR&Z¤0.5¦"#
§"#
 and ii) the total amount of 205 
WSC that is actually stored in the stem is directly related to stem volume and that if the total 206 
amount of WSC partitioned to the stem reserves exceeds the stem storage capacity, <$R$´, 207 
the excess is lost due to assimilate degradation or a temporary reduction in photosynthesis. 208 
This gives 209 
<$R$´ = ℎ"#
QR&Z¤0.5¦"#
§"#
/  (36) 210 
DM"#
	Q#"#QP#"QR&Z =211 µDM"#
	Q#"#QP#"QR&Z, DM"#
	Q#"#QP#"QR&Z ≤ <$R$´	<$R$´,																																						DM"#
	Q#"#QP#"QR&Z > <$R$´(37) 212 
The dry matter allocated to the grains affects the endosperm cell division and 213 
consequently has an impact on the maximum potential grain volume and hence the maximum 214 
potential grain dry weight. We summarise these dynamics by assuming a curvilinear 215 
relationship between the dry matter allocation to an individual grain during the slow fill 216 
period, 
cÀXX¯)AW»»Á1 , and the maximum potential grain DM content of the grainÂ
, , 217 
such that, 218 
	Â
 = ÃÄÅÀX«IX¯)AW»»¬Æ 	Ç>ÄÅÀX«IX¯)AW»»¬Æ 	.    (38) 219 
and where È and É are shape parameters. 220 
The rapid fill period. The final grain dry weight per ear at harvest is determined during the 221 
rapid fill period. Any biomass accumulated during this period as a result of further light 222 
interception is directly invested into grain filling. At the same time the stem reserves are 223 
being remobilised to the ear at a constant rate, K
Ê and with an efficiency of ­#ZZ, i.e. carbon 224 
translocation from the stem reserves to the grain comes at a cost and reserves might have 225 
partially been depleted due to respiration. Grain filling is however limited by the potential 226 
grain DM content determined during the slow fill period and the number of fertile grains set 227 
at anthesis. These dynamics are summarised by, 228 pxp = Ë 	"' + ­#ZZK
ÊDM"#
	Q#"#QP#",										 < Â
NG0,																																																																																				 ≥ Â
	NG (39) 229 
with 230 
 DM"#
	Q#"#QP#" = DM"#
	Q#"#QP#"QR&	Zo9ÌX¯)	W»»  (40) 231 
and the initial condition 232 
   QR&	Z = DMQQR&	Z. 233 
The grain weight at harvest is then given by 'QP#". To estimate grain yield, two further 234 
conversion factors need to be applied. Firstly, the conversion from g m
-2
 to ton ha
-1
, i.e. 235 ¢
A→	'A@. Secondly, grain yields tend to be expressed as tonnes per hectare at 85% dry 236 
matter, leading to the conversion factor, ¢Í%	c. The grain yield, Y, in ton per hectare is then 237 
calculated from 238 Ï = x+XÐ*JÑrÀ9A→	+A@rÒk%	ÄÅ .     (41) 239 
 240 
  241 
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Parameter derivation 242 
All default model parameters are where possible derived according to the HGCA wheat 243 
growth guide (HGCA 2008) and the data from its underlying reports (Sylvester-Bradley 244 
1998, Sylvester-Bradley 1998, Sylvester-Bradley 1998, Spink, Foulkes et al. 2000, Spink, 245 
Whaley et al. 2000, Spink, Berry et al. 2004). These data sets give the most consistent set of 246 
parameter estimates for a single cultivar within the published literature. The benchmark 247 
cultivar used is Mercia. Having defined a consistent set of parameter values for an individual 248 
wheat cultivar, individual or sets of parameters can then be adjusted to represent other wheat 249 
cultivars and to study their effects on disease tolerance. With time, t, defined as the number 250 
of Julian Days since the first of January, sowing, GS31, GS39, GS61 and the onset of the 251 
rapid fill period take place at  = −41,  = 109,  = 141,  = 168 and  = 184, 252 
respectively. The model simulations are stopped at the end of the total grain-fill period, which 253 
occurs at  = 218. 254 
Number of leaves and shoot density. A plant produces between 9 and 14 leaves per main 255 
shoot (HGCA 2008) and in the model each shoot therefore develops 11 leaves. The mean 256 
number of fertile ears per m
2
 for the 18 site-years used in the experiments is 578 (Sylvester-257 
Bradley 1998), leading to 5 = 578. 258 
Maximum leaf areas and green area index. The average maximum GAI of all 259 
photosynthetic plant tissues is 6.8 (HGCA 2008). At flowering the ear contributes 7% to the 260 
total green area (HGCA 2008) leading to a maximum GAI for the leaves and sheaths of 6.3, 261 
which given a shoot density of 578 translates to a leaf (plus sheath) area of 109 cm
2
 per 262 
shoot. Only the top 5 leaves are subject to stem extension and it is therefore assumed that 263 
only the sheaths associated with these leaves significantly contribute to light interception. At 264 
GS61 the sheaths account for 19% of the total GAI (HGCA 2008), i.e. 3.8% per leaf sheath. 265 
At this point the top 4 leaves make up 73% of the total available green area and hence it can 266 
be calculated that on average 17% of the green area of each leaf plus sheath can be attributed 267 
to the sheath. Consistent leaf area data are limited and highly variable and therefore we use 268 
maximum leaf area sizes for the top five leaves averaged over 22 winter wheat varieties as 269 
reported by Milne, Paveley et al. (2003) to determine the proportional differences in leaf 270 
areas. No data is available for the lower leaves, but a general assumption is that the leaf areas 271 
decrease with leaf number (e.g. Milne, Paveley et al. 2003). These data represent leaf lamina 272 
areas only and hence for the top five leaves an additional 17% due to leaf sheaths has to be 273 
added. Under the assumption that at GS39 only the top eight leaves are still alive, the total 274 
leaf and sheath area of 109 cm
2
 is divided over these eight leaves according to their 275 
proportional area contributions. The resultant leaf areas are given in Table SI1.1. 276 
Leaf development timings. Leaf emergence dates are given in the HGCA wheat growth 277 
guide (HGCA 2008) and were converted to Julian days. Leaves generally emerge a 278 
phyllocron (P) apart (HGCA 2008) and L1 has generally fully emerged 3P before anthesis 279 
(Jamieson, Semenov et al. 1998). For Mercia the average phyllocron length is 112 °C days 280 
(Sylvester-Bradley 1998). Leaf initiation occurs roughly 65 degree days before leaf 281 
emergence (Milne, Paveley et al. 2003). Given the average temperature at the time of leaf 282 
emergence the time of leaf initiation and the growth rates in Julian days can be determined, 283 
leading to growth rates of 0.38, 0.38, 0.38, 0.29, 0.29, 0.29, 0.21, 0.21, 0.18, 0.18 and 0.18 284 
for leaves L1 to L11, respectively. Leaf life-spans are a function of both leaf size and the 285 
phyllocron length, with life-spans ranging between 4P and 9P and whereby larger leaves are 286 
associated with longer life-spans (Lawless, Semenov et al. 2005). Senescence occurs at a 287 
constant rate of 0.05 ℃	days and given the average phyllocron length at the onset of 288 
senescence the senescence rate can be calculated to be 0.85, 0.85, 0.85, 0.85, 0.7, 0.55, 0.55, 289 
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0.55, 0.55, 0.4 and 0.3 JD, for L1 to L11, respectively. In general the senescence period takes 290 
about 1.8P (Lawless, Semenov et al. 2005). See Table SI1.1 for a summary. 291 
Disease dynamics. In the model we consider the presence of an epidemic caused by 292 
Zymoseptoria tritici comb. nov. (Septoria tritici leaf blotch; previously known as 293 
Mycosphaerella graminicola), the most damaging foliar disease of UK wheat, resulting in 294 
significant yield losses every year (Paveley, Blake et al. 2012). Although substantial Z. tritici 295 
infection is common on the leaf lamina of wheat, substantial infection on stems are rare and, 296 
hence, we ignore infections on the leaf sheaths. As previously defined, only the top five 297 
leaves have considerably sized leaf sheaths as a result of stem extension, whereby on average 298 
17% of the green area of each leaf plus sheath can be attributed to the sheath. The maximum 299 
severity, <ÚÛÜ, of the top five leaves is therefore, 0.83, whereas it is 1 for the lower leaves. 300 
The area taken up by lesions caused by the initial spore influx on a leaf, <4, is set to 0.022, 301 
i.e. a thousandth of the maximum flag leaf area. The epidemic on leaf n is assumed to 302 
commence when the leaf is halfway between initiation and emergence, i.e. "# =303  + 0.5#
#Q#$# − . For the rosette leaves "#XJ** =304 @@ + 0.5#
#Q#$#@@ − @@. The initial growth rate of the epidemic on a 305 
leaf, K, can be approximated by 306 K = ÝC##Q	
# ≈ ÝCßM>`M/à#
R>4.*9*XÀ*b*, with LP and IP the 307 
latent period and infectious period, respectively. Estimates of K for the top three leaf layers 308 
combined were derived according to a large data set of disease severity observations (te 309 
Beest, Shaw et al. 2009). This data set contained leaf layer specific disease severity 310 
observations for 24 site/year/cultivar combinations including 7 sites, 10 susceptible cultivars 311 
with septoria leaf blotch resistance ratings 5≤  and 4 experimental years. Epidemics with a 312 
maximum disease severity 5%≤  were excluded from the analysis and observations of leaf 3 313 
emergence (usually around GS32) were used to ensure that the canopy emergence was 314 
similar for all individual epidemics. This data analysis found K values ranging from 0.071 to 315 
0.787 JD
-1
 with a mean of 0.192. Under outdoor conditions the latent period of Z. tritici was 316 
found to be around 275 °C days (Lovell, Hunter et al. 2004). The infectious period of the 317 
lesions can be derived from the experiments performed by Eyal (1971) and was found to be 318 
30 days, i.e. around 450 °C days. Sylvester-Bradley (1998) report seasonal temperature, 319 Temp, data averages for 6 UK sites. These data can be described well by the following sin 320 
function: Temp = 9.76 + 6.72sin	0.93 + 260.12. With these data the 	LP and IP can be 321 
converted from degree days to é¦ by dividing the mean LP in degree days by the temperature 322 
experienced at the start of the epidemic. Given the average estimate of the generation time of 323 
725 degree days and the average temperature around  + 0.5#
#Q#$# −324  for the top three leaf layers of 12 °C, ê4 can be calculated to lie around 5.7. The 325 
leaf specific initial growth rates can then be calculated from 326 K = .ëë/à#
R>4.*9*XÀ*b*. For the rosette leaves we define 327 	
XJ** as ∑ 	
e33Vmn  and assume an average temperature of 8 °C, leading to an 328 
maximum severity on leaves 1 to 3 of around 60% which compares well with observations 329 
for typical Z. tritici epidemics in the absence of control (Paveley, Lockley et al. 2000). 330 
Solar radiation and interception. Sylvester-Bradley et al. (2005) fitted a cosine function 331 
through mean daily incident solar radiation data for five sites in east, south and middle 332 
England, Wales and Scotland between 1989 and 1994, leading to OP#Q = 1.8, O
R = 8.5, 333 OZQ#[ = 58 and O'Q = 6.5. 334 
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Table SI1.1 Summary of the maximum leaf areas and leaf development timings with P the phyllocron and JD the number of calendar days since 335 
the 1
st
 January. The average temperature during the life-span of the leaf is estimated according to: (temperature at leaf emergence + temperature 336 
two months after leaf emergence)/2. 337 
 338 
 339 
 340 
 341 
 342 
 343 
 344 
 345 
 346 
 347 
 348 
 349 
 350 
 351 
 352 
Leaf Max. 
leaf area 
(cm
2
) 	
 
Temp. at 
emergence 
(°C) 
Time of 
initiation  
Time of 
emergence #
#Q#$# 
Life-span Senescence 
onset "##"$#$# 
P length at 
senescenc
e onset 
(JD) 
Leaf death &#' 
in P Av. 
Temp. 
1 
in 
JD 
L1 21 11 135 141 8 14 64 205 7 218 
L2 23 11 126 132 9 14 72 204 7 217 
L3 19 11 118 124 8 14 64 188 7 201 
L4 16 8 108 116 7 11 70 186 7 199 
L5 13 8 98 106 6 11 60 166 8 180 
L6 8 8 88 96 5 11 50 146 10 164 
L7 5 6 74 85 4 9 48 133 10 151 
L8 5 6 59 70 4 9 48 118 10 136 
L9 5 5 41 54 4 7 64 118 10 136 
L10 4 5 20 33 4 7 64 97 14 122 
L11 4 5 -12 1 4 6 76 77 19 111 
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  The mean light extinction coefficient of wheat, κ, is 0.53 (Shearman, Sylvester-Bradley et 
al. 2005). For simplicity it is assumed that senesced tissues still fully contribute to light 
interception, i.e. \Q#&£$ = 0. Additional simulations for different \Q#&£$ values however 
show that the total DM fixated per shoot per day is hardly affected by the fractional contribution 
to light interception and shading by senesced tissues. This is probably because most senesced 
tissues are found relatively low down in the canopy and hence contribute little to light 
interception in the first place. 
Photosynthesis and dry matter accumulation. Both senesced and diseased tissues are assumed 
to no longer contribute to photosynthesis. Bingham and Topp (2009) report a photochemical 
efficiency, , of 0.23 mol CO2 MJ-1, a θ (degree of curvature of the gross photosynthesis versus 
intercepted radiation relationship) of 0.97 and rate of decline of the maximum rate of 
photosynthesis down the canopy, λ, of 0.7. Driever, Lawson et al. (2014) report a light saturated 
rate of photosynthesis of the uppermost leaf layer for Mercia of 28.2 µmol CO2 m
-2
 s
-1
.Given an 
average daily temperature of 15 °C during the months of April to August the light saturated rate 
of photosynthesis of the uppermost leaf layer, 
4 , can be calculated to be 1.83 mol CO2 m-2 
leaf d
-1
. 
 The carbon use efficiency, CUE, of wheat as reported in the literature varies 
considerably. For example, Monje and Bugbee (1998) report CUE values between 0.53 and 0.61 
for different crop development stages, Tanaka and Osaki (1983) report a CUE value for wheat 
under field conditions, Gent (1994) reports a value of 0.73 at anthesis with an average of 0.6 and 
van den Boogaard et al. (1996) report values between 0.69 and 0.72. As shown by Albrizio and 
Steduto (2003) the CUE strongly depends on temperature, whereby higher CUE values are 
associated with lower temperatures. Most the fore mentioned experiments are performed at 
relatively high temperatures (up to 23 °C), whereas our model works with and average 
temperature of only 15 °C, which means that the above mentioned CUE values are too low. 
From Albrizio and Steduto (2003) we can derive the wheat CUE value for an average 
temperature of 15 °C to be 0.79. The amount of assimilates collected in mol CO2 is converted to 
gram carbon by multiplying by a factor 12, such that conv
	→	 = 12. The carbon mass 
fraction in wheat biomass is 0.47 (Vertregt and Penning de Vries 1987).  
Pre-anthesis biomass partitioning. The average stem height at GS31 and GS61 and the start of 
the rapid-fill period, ℎ"#
13, ℎ"#
1n3 and ℎ"#
QR&Z, are 0.11, 0.64 and 0.66 m, 
respectively. Given a stem diameter of 3.3 mm and a fractional stem thickness of 0.35 (Saint 
Pierre, Trethowan et al. 2010) we can calculate ¢"#
	#'→P£
# = ¤0.5 ∙ 0.00330.35 =2.99 ∙ 10n. Given a specific weight of the structural stem of 1.36 g DM m-1 stem (Sylvester-
Bradley 1998), we can then calculate ¢"#
	P£
#→c = 3.n.íí∙34A = 454850. The paper by Beed 
et al. (2007) suggests that a 57% reduction in light availability between GS31 and GS61 and 
hence a 57% reduction in 	131n3 (from 1.52 to 0.65 g C stem-1), leads to a 13% reduction in 
dry matter accumulation within the structural stem and hence a 13% reduction in ¢"#
	P£
#→c (from 454850 to 395720). From this information we derive ¨ = 351113 and © = 68472. The green and senesced leaf tissue areas at GS31 and GS61 can be derived from (1) 
and the specific leaf area weight, ¢#Z	Q#→c is about 32 g m-2 (Gifford 1995). Beed et al. 
(2007) suggests that a 57% reduction in light availability between GS31 and GS61 leads to a 9% 
reduction in dry matter accumulation within the leaves and hence a 9% reduction in ¢#Z	Q#→c. From this information we derive ¢ = 26.7 and  = 3.5. The root lengths of an 
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 average shoot at GS31 and GS61 are 15 and 51 m per shoot, respectively (HGCA 2008). The 
shoot mass at anthesis is 1.05 t/ha, so given that root weight and length are proportional (HGCA 
2008), the root masses at anthesis and GS61 can be calculated to be ­Q"13 = 0.05 and ­Q"1n3 = 0.17 g shoot-1, respectively. 
It is assumed that before GS31 all dynamics are roughly the same for all wheat cultivars 
and hence DM#Q	13 and DM"#
	Q#"#QP#"	13 are set to the constant values of DM#Q	13 = 0 
and DM"#
	Q#"#QP#"	13 = 0.05 (Sylvester-Bradley 1998). Between GS31 and GS61 and under 
default conditions a total DM weight of about 1.52 g is fixated. Over this period the WSC 
increases from 0.05 to around 0.38 and the ear DM increases from 0 to around 0.3 (Sylvester-
Bradley 1998), leading to ®#Q¯X*A+*JJ = 0.48. Under the assumption of a maximum fractional 
investment into ear development, ®
¯X*A+*JJ, of 1, the shape parameter for the fractional 
contribution to the ear, ², can then be calculated to be around 0.72. We subsequently choose the 
shape parameter for the function describing the relationship between the stem storage volume 
and ² such that for the default stem volume ² = 0.72 as previously calculated and such that 
when the stem volume is zero ² = 0, in which case all biomass available for the ear and stem 
reserves is allocated to the ear. This leads to /3 = 375808. 
 Shearman, Sylvester-Bradley et al. (2005) find that the stem WSC DM weights at 
anthesis plus 75 °C days for 8 wheat cultivars lie within the range of 244 to 391 g m
-2
. Given the 
stem storage capacity, <$R$´, equals ℎ"#
1n3¤0.5¦"#
§"#
/, the WSC DM 
weights per m
2
 are then given by 5<$R$´. Using the midpoint value of the Shearman, 
Sylvester-Bradley et al. (2005) data, i.e. 318 g m
-2
, the stem storage capacity slope parameter, /, 
can then be calculated to be 287075. 
Number of grains. The mean number of grains per ear at harvest for Mercia is 34 (Sylvester-
Bradley 1998). Clarke et al. (2012) finds that the semi-dwarfing allele leads to an increase of 9% 
in the number of grains per m
2
, which is associated with a 24% increase in ear DM at anthesis. In 
our model the shoot density is kept constant during the growing season and hence a 9% increase 
in the number of grains per m
2
 means a 9% increase in the number of grains per ear. This 
suggests that ¹ = 59.30 and º = 0.15. 
Slow-fill period. Between GS61 and the onset of the rapid grain-fill period and under default 
conditions a total DM weight of 0.46 g is fixated. For two French wheat cultivars Bancal 
(unpublished data) recorded the increase in grain dry weights and WSC dry weights during the 
first 300 °C days after anthesis (roughly 3 weeks post-anthesis), which can be compared to the 
slow-fill period. From these values the fractional grain versus WSC investment post-anthesis can 
be calculated to vary between 0.50 and 0.59. The fractional grain versus WSC investment post-
anthesis for Mercia is set to 0.55. Given the assumption of a maximum fractional investment into 
ear development, ®
J»¼AW»» , of 1, the shape parameter for the fractional contribution to the ear, ¿, can be calculated to be around 1.79. We subsequently choose the shape parameter for the 
function describing the relationship between the stem volume and ¿ such that for the default 
stem volume ¿ = 1.79 as previously calculated and such that when the stem volume is zero ¿ = 0, in which case all biomass available for the ear and stem reserves is allocated to the ear. 
This leads to / = 903597. 
 Trujillo (PhD, unpublished) reports the potential grain weight of 26 wheat cultivars to 
vary between 39.5 to 56.2 mg in de-grained ears which is believed to be a good indicator for 
potential grain weight. The upper asymptote,	È, of the relationship between the dry matter 
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 allocation to an individual grain during the slow fill period, 
cÀXX¯)AW»»Á1 , and the maximum 
grain DM content of the grain, Â
, is therefore set to 0.048. At harvest a Mercia grain weighs 
on average 39 mg at 100% DM (Sylvester-Bradley 1998), which given 34 grains per ear leads to 
a dry matter weight per shoot of 1.30 at 100% DM and a yield of 8.9 t/ha at 85% DM. There is a 
general view that under the ‘light-limited’ conditions experienced in the UK, the yield of current 
elite varieties is marginally sink limited. This means that in the absence of disease there is 
generally enough assimilate to fill all the grains to their maximum capacity. It is therefore 
assumed that under the default model parameters Â
 = 0.039, leading to É = 0.0016. 
Rapid-fill period. On average five percent of the stem reserves does not get remobilised before 
harvest (Sylvester-Bradley 1998), leading to a remobilisation efficiency of ­G°° = 0.95. The 
remobilisation rate, KÚsî, was chosen such that at the end of the total grain-fill period, i.e. 50 
days after anthesis (HGCA 2008), only five percent of the stem reserves remain and the 
maximum grain weight is reached, leading to KÚsî = 0.088. The conversion factor ¢ÚA→s	ïÛA@ to convert from g m-2 to ton ha-1 is 0.01 and the conversion factor ¢Í%	~ð to 
convert pure dry weight to grain yields expressed as tonnes per hectare @ 85% DM is given by 
0.85. 
 
Current genotypic variability in plant traits 
The trait ranges described here are based on genotype means as found in the literature. 
Shoot density. For 64 wheat cultivars the number of ears per m2 at harvest was found to vary 
between 294 and 540, whereas the mean number of fertile ears per m
2
 for the 18 site-years was 
578 according tp Sylvester-Bradley (1998). In the model the shoot density is represented by the 
number of fertile ears per m
2
 and the shoot densities is therefore assumed to vary between 294 
and 578. 
Growth periods. Shearman, Sylvester-Bradley et al. (2005) report GS31 and GS61 timings for 
eight UK-bred winter wheat cultivars, leading to a pre-anthesis period of 51-65 days. Bancal 
(2008) reports GS31 and GS61 timings for 6 French winter wheat cultivars, leading to a pre-
anthesis period of 58-63 days. Clarke, Sylvester-Bradley et al. (2012) measured the pre-anthesis 
period for 64 wheat cultivars and found it to vary between 565 and 669 °C days. Given an 
average temperature of 10.3 degrees across this period (Clarke, Sylvester-Bradley et al. 2012), 
this gives a pre-anthesis period between 55 and 65 days. The range was hence set to 51 to 65 
Julian days. 
The HGCA report by Sylvester-Bradley (1998) states that the slow-fill period for cv. Mercia 
generally takes between two to three weeks. The cell division period for wheat cv. Sonora was 
found to take roughly 18 days (Singh and Jenner 1984) whereas Shearman ( 2001) found the cell 
division period of four winter wheat cultivars to vary between five and nine days. The range was 
hence set to 5 to 21 Julian days. 
The total grain filling period was found to range between 605.5 and 698.7 degree days for 4 
winter wheat cultivars (Shearman 2001) grown at Sutton Bonnington. With a long term average 
temperature of 15.2 degrees Celsius for this site across the grain-fill period (Clarke, Sylvester-
Bradley et al. 2012) the total grain-fill period is found to vary between 40 and 46 days. For 64 
wheat cultivars the total grain-fill period was found to vary between 711 and 827 degree days 
with an average temperature of 15.5 degrees Celcius (Clarke, Sylvester-Bradley et al. 2012), 
leading to a total grain-fill period of 46 to 53 days. Given a default slow-fill period of 16 days, 
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 the rapid-fill period can be calculated to range between 24 and 37 days and remobilisation rate 
can be calculated to range between 0.081 and 0.125. 
Carbon fixation traits. Bancal (unpublished data) recorded maximum canopy leaf area index 
values for 18 wheat cultivars between 3.26 and 7.51. 
According to Shearman, Sylvester-Bradley et al. (2005) the range of flag leaf areas for UK 
winter wheat cultivars is 22.1 to 39.7 cm
2
, based on eight cultivars. The benchmark flag leaf area 
of Mercia was calculated to be 21 cm
2
 and hence the total flag leaf area range is set to vary 
between 21 and 40 cm
2
. 
Shearman, Sylvester-Bradley et al. (2005) report the light extinction coefficient of eight winter 
wheat cultivars to range between 0.48 and 0.58. Thorne, Pearman et al. (1988) report the light 
extinction coefficient of cultivars Hustler and Avalon to vary between 0.37 and 0.55 with a mean 
of 0.46. This leads to an overall range of 0.37 to 0.58. 
For 64 different wheat genotypes the light saturated photosynthesis rate of the uppermost leaf 
layer (ÚÛÜ4 ) was found to vary between 19.8 and 32.0 µmol CO2 m-2 s-1, i.e. 1.71-2.76 mol CO2 
m
-2
 d
-1
 (Driever, Lawson et al. 2014). In the experiments measurements took place at 20°C 
whereas in the model an average daily temperature of only 15°C is assumed. Since ÚÛÜ4  is 
temperature sensitive, the value was adjusted for the above described temperature difference 
according to Thornley and Johnson (1990) under the additional assumption that photosynthetic 
activity ceases at 0°C, leading to a range of 1.28-2.07. 
Albrizio and Steduto (2003) report carbon use efficiency (CUE) values measured at different 
temperatures. For example, the CUE at 23°C is 0.71, whereas at 15°C (the temperature used in 
the model simulations) it is 0.78. Monje and Bugbee (1998) report the CUE to vary between 0.56 
and 0.61 when measured at 23°C and van den Boogaard, Goubitz et al. (1996) report the CUE of 
ten wheat cultivars to vary between 0.69 and 0.72 when measured at 23°C. Rescaling these 
values to measurements at 15°C using the data from Albrizio and Steduto (2003) leads to a range 
of 0.62 to 0.79. 
Sink capacity traits. Shearman, Sylvester-Bradley et al. (2005) summarise ear and water soluble 
carbohydrate (WSC) dry weights at anthesis for eight wheat cultivars. From these values the 
fractional ear versus WSC investment pre-anthesis can be calculated to vary between 0.37 and 
0.49. Keeping all other parameters at their default values /3 can be calculated to vary between 
357409 and 584695. 
For 64 different wheat genotypes the number of grains per ear was found to vary between 32.5 
and 55.2 (Clarke, Sylvester-Bradley et al. 2012). The same report showed that a 24% increase in 
ear dry matter weight at anthesis leads to a 9% increase in the number of grains per m
-2
. Because 
the model assumed a constant shoot density this suggests a 9% increase in the number of grains 
per ear, NG. Given the assumption that the genetic variability in the number of grains per ear is 
represented by an upward or downward shift of the relationship between ear dry matter 
accumulation pre-anthesis and the number of grains per ear rather than a change in the shape of 
the relationship the maximum number of grains per ear, ¹, can be calculated to vary between 
57.37 and 97.44. 
For two French wheat cultivars Bancal (unpublished data) recorded the increase in grain dry 
weights and WSC dry weights during the first 300 °C days after anthesis (roughly 3 weeks post-
anthesis), which can be compared to the slow-fill period. From these values the fractional grain 
versus WSC investment post-anthesis can be calculated to vary between 0.50 and 0.59. Keeping 
all other parameters at their default values / can be calculated to vary between 767462 and 
1104396. 
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 Shearman ( 2001) reports the potential grain weight of ten winter wheat cultivars to vary 
between 42.3 and 50.4 mg. Trujillo (PhD, unpublished) reports a similar range for 26 wheat 
cultivars of 39.5 to 56.2 mg in de-grained ears which is believed to be a good indicator for 
potential grain weight. The maximum grain DM content of the grain, ÂÚÛÜ, is therefore assumed 
to vary between 0.040 and 0.056. 
Stem storage capacity traits. For 64 different wheat genotypes the stem height at anthesis was 
found to vary between 0.64 and 1.10 m (Clarke, Sylvester-Bradley et al. 2012). 
For 28 different wheat cultivars the stem diameter was found to vary between 3.24 and 4.12 mm 
(Berry, Sylvester-Bradley et al. 2007). 
For ten spring wheat genotypes the fractional stem thickness was found to vary between 33 and 
38% (Saint Pierre, Trethowan et al. 2010). 
Shearman, Sylvester-Bradley et al. (2005) find that the stem WSC dry matter weights at anthesis 
plus 75 °C days for 8 wheat cultivars lie within the range of 244 to 391 g m
-2
. The WSC dry 
matter weights per m
2
 are given by the shoot density multiplied by the stem storage capacity. 
The stem storage capacity slope parameter, /, which is a measure for how efficiently a unit stem 
can be used for stem reserves storage can then be calculated to vary between 220341 and 
353087. 
Ehdaie, Alloush et al. (2006) found the stem specific weight (structural stem tissues and water 
soluble carbon) of nine spring wheat and two winter wheat cultivars to vary between 1.63 and 
2.46 g m
-1
 stem. Given that roughly 66% of the total stem weight is made up of the structural 
tissues (Sylvester-Bradley 1998) this leads to a stem specific weight range of 1.08 to 1.62 g m
-1
 
stem. Parameter a can then be calculated to vary between 257467 and 438069. 
Traits associated to tissue weights. For low radiation levels as observed under field conditions 
Rawson, Gardner et al. (1987) found the specific leaf weight of two wheat cultivars to vary 
between 31.8 and 32.9 g m
-2
. Shearman, Sylvester-Bradley et al. (2005) found the specific leaf 
weight of eight wheat cultivars to vary between 40.8 and 54.0. It is assumed that c represents a 
measure for the genetic variability in specific leaf weight, whereas d represents a measure of the 
effect of reduced overall assimilate availability due to, for example, shading on the specific leaf 
weight. From this c can be derived to vary between 26.5 and 48.7. 
The cultivar mean total root mass at anthesis of six wheat cultivars was reported to vary between 
661 and 842 kg ha
-1
 (Ford, Gregory et al. 2006), i.e. 0.11-0.15 g per shoot. For Mercia, the root 
length at anthesis was found to be 31 km m
-2
, i.e. 51 m shoot
-1 
whilst assuming a shoot density of 
604 m
-2
 (HGCA 2008). The specific root weight was 0.0033 g m
-1
 (HGCA 2008), leading to a 
total root mass of 0.17 g per shoot. This is larger than that found for other cultivars, but the 
difference can be explained by the statement in the paper by Ford, Gregory et al. (2006) that the 
root biomass of modern varieties has declined from 1 t ha
-1
 to 0.75 t ha
-1
 (a 25% reduction) as 
shoot biomass has increased. The measurements in Ford, Gregory et al. (2006) represent 
relatively modern cultivars whereas Mercia is a historic cultivar. Assuming a direct relationship 
between root biomass and root length this explains the 13% larger root mass of Mercia. The root 
mass range was hence set to 0.11-0.17. 
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 Phytopathology Supporting Information SI3 
Article title: Physiological and developmental traits determining yield tolerance of wheat to 
foliar diseases 
Authors: van den Berg, F., Paveley, N. D., Bingham, I. J. and van den Bosch, F.  
 
Fig. SI3.1 Green area index for (a) individual leaf layers and (b) the total canopy. The observed 
data were derived from p.16 of the HGCA wheat growth guide (HGCA 2008) and include the 
GAI of the ear structures. The simulated green area indexes are based on the leaf lamina and 
sheaths only. 
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HGCA (2008). The wheat growth guide. 
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Phytopathology Supporting Information SI3 1 
Article title: Physiological and developmental traits determining yield tolerance of wheat to 2 
foliar diseases 3 
Authors: van den Berg, F., Paveley, N. D., Bingham, I. J. and van den Bosch, F.  4 
 5 
Additional model testing 6 
The model’s power to predict yield and yield components under different genotypic and 7 
environmental conditions was tested by comparing the model predictions with published data 8 
from five independent field experiments. For each data set both a qualitative and a quantitative 9 
comparison is made with the associated model outputs. In the model simulations the 10 
meteorological data such as incident radiation and temperature are kept at their default values, 11 
based on UK averages as explained in detail in Appendix SI1. It is also important to note that the 12 
experimental data are collected for a range of cultivars that may or may not include Mercia on 13 
which the default model parameters are based. This means that a direct quantitative comparison 14 
is not possible. However, a comparison of the percentage change in yield and yield components 15 
due to trait changes, can give further insights into the robustness of the model predictions. For 16 
the quantitative comparison the midpoint of the x-axis range across all yield components used in 17 
the published analysis was determined. For this midpoint value, its associated yield component 18 
value was estimated (extrapolation by a straight line took place where necessary). These values 19 
then represent the 100% reference point and subsequently all other data points were plotted as 20 
the percentage deviation from this reference point. 21 
The main aim of the first experiment, referred to as the seed-rate experiment, was to 22 
study the relationship between seed rate (the number of viable seeds per hectare (ha)) and yield 23 
response; directly through yield and indirectly through separate yield components (Spink, JH et 24 
al., 2000). The experiment considered up to 22 varieties over three years. The seed rates tested in 25 
this experiment were strongly correlated with the number of fertile ears per square meter. In the 26 
model the shoot density is assumed to represent main stems that all carry an individual fertile 27 
ear, and hence for comparison the shoot densities in the model are varied over the range of fertile 28 
ears per m
2
 as found in the experiment, i.e. 300 – 700. The experiment results show that an 29 
increased number of ears per m
2
 leads to an increased yield up to a clear optimum, a decreased 30 
number of grains per ear, a decrease in WSC storage per stem at GS65 and a roughly constant 31 
thousand grain weight (Fig. SI3.1). The model predicts that an increased shoot density leads to 32 
increased yields that seem to reach an optimum for higher densities, a decreased number of 33 
grains per ear, a decrease in WSC storage per stem at the end of the slow-fill period, with stem 34 
storage limitation for lower shoot densities and a roughly constant thousand grain weight (Fig. 35 
SI3.1; dash dotted line). Despite the model not explicitly including tillering, it still manages to 36 
reproduce the qualitative trends found within the experiments. A comparison of the percentage 37 
change in yield components due to changes in the number of ears per m
2
 shows that the model 38 
predictions are also quite accurate from a quantitative point of view for the amount of WSC at 39 
Page 60 of 88
Ph
yt
op
at
ho
lo
gy
 "F
irs
t L
oo
k"
 p
ap
er
 • 
ht
tp
://
dx
.d
oi
.o
rg
/1
0.
10
94
/P
H
Y
TO
-0
7-
16
-0
28
3-
R 
• p
os
te
d 
07
/2
1/
20
17
 
Th
is 
pa
pe
r h
as
 b
ee
n 
pe
er
 re
vi
ew
ed
 a
nd
 a
cc
ep
te
d 
fo
r p
ub
lic
at
io
n 
bu
t h
as
 n
ot
 y
et
 b
ee
n 
co
py
ed
ite
d 
or
 p
ro
of
re
ad
. T
he
 fi
na
l p
ub
lis
he
d 
ve
rs
io
n 
m
ay
 d
iff
er
.
2 
 
anthesis and thousand grain weight although the model seems to overestimate the yield increase 1 
for high shoot densities (Fig. SI3.1a). 2 
In the second experiment the authors studied the effect of the presence of dwarfing genes 3 
on grain number and yield in wheat cultivars (Rebetzke et al., 2011). Hereto the authors 4 
compared several near-isogenic and recombinant inbred lines that varied in plant height. They 5 
showed that reduced plant heights were associated with an increased grain yield, an increased 6 
number of grains per m
2
 and an overall decrease in thousand grain weight although this effect 7 
was less clear (Fig. SI3.2). In the model the presence of the dwarfing gene is represented by a 8 
reduced stem height at anthesis. Furthermore, although dwarfing genes do not affect the stem 9 
diameter (Calderini et al., 1996; Chen et al., 2013), there is evidence that dwarfing genes might 10 
affect the stem wall thickness, whereby a 36% reduction in stem height leads to a 10% increase 11 
in wall thickness (Chen et al., 2013). In the model this effect is represented by the following 12 
relationship  13 
    = 0.447 − 0.152ℎ(). 14 
The qualitative effects of a reduced stem height as predicted by the model closely resemble the 15 
experimental data, whereby reduced stem heights at anthesis lead to increased yields and a 16 
higher number of grains per m
2
. As in the experiments the effect on thousand grain weight is less 17 
clear whereby reduced stem heights seem to initially lead to an increase in thousand grain 18 
weight, whereas a further decrease in stem height leads to a decrease in thousand grain weight 19 
(Fig. SI3.2). However, there is quite a large quantitative difference between the effects of stem 20 
height on disease free yield and grains per square meter predicted by the model and those found 21 
in the experiment (Fig SI3.2). We do not consider this departure to be a result of poor model 22 
calibration as numerous combinations of parameter values were tested, without an improvement 23 
in fit. Instead, we believe that part of the problem lies in the nature of the dwarfing allele effects. 24 
If the assimilate supply is not increased in direct proportion to the reduction in stem height, for 25 
example because of pleiotropic reductions in leaf area and light interception, then increases in 26 
grain numbers observed experimentally will be smaller than those predicted by the model. The 27 
same outcome will occur if dwarfing alleles have negative pleiotropic effects on grain number 28 
formation in ways that offset or supress the impact of an increase in assimilate supply to the ear 29 
as these are not accounted for in the model. 30 
 31 
The third experiment was designed to assess the influence of fungicides on the green leaf 32 
area decline of wheat flag leaves and its consequences for grain yield and mean grain weight 33 
(Gooding et al., 2000). Hereto, the authors recorded the grain yield and mean grain weight as 34 
well as the area under the curve describing the percentage green leaf area of the flag leaf from 35 
first emergence to harvest. The paper used four data sources: three from published experiments 36 
conducted during the 1980s (Davies et al., 1984; Gooding, 1988; Lawson, 1989) and one 37 
concerning two unpublished experiments conducted in the late 1990s. All experiments were 38 
conducted in the UK and although a total of ten winter wheat cultivars were covered by the 39 
experiments, once the data had been restricted to those in which S. tritici was the main pathogen 40 
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to be controlled this left us with a total of six different cultivars. Note that the fungicide regimes 1 
differed between the different experiments. Figure SI3.3 compares the experimental data from 2 
Gooding et al. (2000) with the model predictions and shows that the model can quite accurately 3 
predict the qualitative trends observed in the data. From a quantitative point of view the model 4 
predictions quite closely match the data for cultivar Consort but less well for the others. The data 5 
for cultivar Hereward seem to fit least well. Both cultivars Avalon and Mercia (cultivar 6 
representing the model prediction) are classed as historical cultivars, whereas Consort and 7 
Hereward are classed as modern cultivars. According to Clarke et al. (2012) the model 8 
predictions should therefore most closely match  the effects found for Avalon, but the effects 9 
predicted by the model do in fact most closely match those found for the modern cultivar 10 
Consort (Fig. SI3.3). 11 
The fourth experiment was designed to assess losses to yield components in four spring 12 
wheat cultivars as a result of infection by a range of S. tritici isolates (Ziv & Eyal, 1978). Hereto, 13 
the authors recorded the DM yield per head, the thousand grain weight and the number of grains 14 
per head as well as the percentage green leaf area of the top three leaves affected with S. tritici 15 
pycnidia at growth stage 10.5.4 (i.e. the onset of the rapid fill period). In the model the above 16 
described disease severity measure can be represented by 17 
   1 − ∑  !""#$%& '(( !""))∑  !""#$%& * ∗ 100%. 18 
Figure SI3.4 compares the experimental data from Ziv and Eyal (1978) with the model 19 
predictions and shows that they compare well in both a qualitative and a quantitative nature, 20 
whereby increased S. tritici severities lead to a reduction in grain DM per shoot, thousand grain 21 
weight and number of grains per ear. However, there seems to be a large quantitative departure 22 
between model prediction and experimental results for the relationship between green area loss and 23 
the change in the number of grains per ear (Fig SI3.4b). The relationship between % green area loss 24 
measured at the start of the rapid grain fill period and reduction in the number of grains per m
2
 will 25 
depend on the rate and timing of disease epidemic development. As grain numbers are determined 26 
before anthesis, any reduction caused by disease must occur pre-anthesis. Losses in green leaf area after 27 
anthesis will not reduce grain numbers. Thus, differences between model predictions and experimental 28 
results in the relationship shown in SI3.4b could arise through differences in the rate of epidemic 29 
development and the relative proportions of pre- versus post-anthesis leaf area loss. A later onset but 30 
more rapid development of the epidemics in the model compared with experimental plants could 31 
account for the departure observed. This can unfortunately not be verified since the experimental study 32 
does not provide epidemic timing data.The fifth experiment was designed to assess how S. tritici 33 
affects yield and yield components under different nitrogen supplies and for 6 different cultivars 34 
(Simon et al., 2002). Hereto, the authors recorded the yield, number of grains per ear and 35 
thousand grain weight in both the presence and absence of S. tritici inoculation, i.e. for each 36 
year, cultivar and nitrogen level combination there are only two measurements. The disease 37 
severity is measured as the area under the disease progress curve (AUDPC) of the top two 38 
canopy leaves accumulated over the duration of the leaf’s life-span. Figure SI3.5 compares the 39 
experimental data (in the presence of fertilisation) with the model predictions and shows that the 40 
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4 
 
model quite accurately predicts both the qualitative and quantitative trends, whereby infection by 1 
S. tritici results in a reduction in yield and both other yield components measured.  2 
Although the data for these models are derived under quite contrasting conditions the 3 
effect that infection by S. tritici has on yield and yield components seem comparable. This can 4 
partially be explained by the following. Let’s take a closer look at the comparison between the 5 
data from Ziv and Eyal (1978) and the model predictions. Spring wheat starts growing earlier 6 
than winter wheat and will mature quicker and might therefore have a different ability to collect 7 
assimilates leading to a higher or lower yield, number of grains and grain weight than winter 8 
wheat. This leads to a different interception point of the y-axis for spring wheat and winter wheat 9 
cultivars, although the variability between winter spring cultivars is much greater than that 10 
between some of the spring wheat cultivars and the winter wheat cultivar. This suggests that the 11 
cultivar effect is much higher than the sowing date effect. Furthermore, to enable comparison 12 
between the model and the data, disease severities in the model are chosen such that they match 13 
the disease pressures experienced in the data at specific plant growth stages. This means that 14 
although the exact epidemic progress curve might differ between the spring wheat and the winter 15 
wheat cultivars the overall disease pressures at the time of interest is the same. We therefore pose 16 
that although it might be hard to defend a direct quantitative comparison between these datasets 17 
and the model due to the very contrasting cultivar types and environmental conditions, a 18 
qualitative and indirect quantitative comparison of the trends as described here seems justified. 19 
 20 
 21 
  22 
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5 
 
Fig. SI3.1 Effects of ‘environmental’ changes, represented through changes in seed rate, on yield 1 
and yield components. The experimental data are from Spink, JH et al. (2000); data from Table 2 2 
are represented by the dash-dotted line and data from Table 1.6 and experimental years 96/97 3 
and 97/98 are represented by the dotted and dashed line, respectively. The model predictions are 4 
represented by the solid red line. See main text for a detailed explanation of the x-axis. 5 
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6 
 
Fig. SI3.2 Effects of the presence of a dwarfing allele, represented by a reduced stem height at 1 
anthesis, on yield and yield components according to data presented in Table 1 of Rebetzke et al. 2 
(2011). The dotted line represents the CM-18/Magnif M1 genotypes; the dashed line represents 3 
the Cranbrook/Haldberg genotypes and the red solid line represents the model predictions. 4 
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7 
 
Fig. SI3.3 Effects of Septoria tritici severity on yield and yield components according to data 1 
presented in Gooding et al. (2000). Disease severity is defined as the accumulated reduction in 2 
healthy area duration (HAD) of the flag leaf. The red solid line represents the model predictions. 3 
The other lines represent differences in cultivar (Avalon (A); Longbow (L); Mission (M); 4 
Brimstone (B); Hereward (H) and Consort (C)), fungicides applied (propiconazole (pr); 5 
flusilazole (fl); azoxystrobin (az); tridemorph (tr) with in brackets the dose in g ha
-1
) and 6 
experimental year.  7 
 8 
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8 
 
Fig. SI3.4 Effects of Septoria tritici severity on yield and yield components according to data 1 
presented in Ziv and Eyal (1978). The solid red line represents the model predictions; the other 2 
lines represent different cultivars (Bet Dagan 131 (Be); Miriam (M); Yafit (Y); Barkai (Ba)) and 3 
experimental years; with GA, the green leaf area. 4 
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Figure SI3.4 7 
 8 
 9 
Fig. SI3.5 Effects of Septoria tritici severity on yield and yield components according to data 10 
presented in Simon et al. (2002). The solid red line represents the model predictions; the other 11 
lines represent different cultivars (Buck Ombu (BO); Don Ernesto (DE); Klein Centauro (KC); 12 
Klein Dragon (KD); PROINTA Federal (PF) and PROINTA Isla Verde (PIV)) and experimental 13 
years in the presence of a nitrogen treatment.  14 
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Phytopathology Supporting Information SI4 1 
Article title: Physiological and developmental traits determining yield tolerance of wheat to 2 
foliar diseases 3 
Authors: van den Berg, F., Paveley, N. D., Bingham, I. J. and van den Bosch, F.  4 
 5 
The effect of individual trait changes on tolerance trends 6 
This appendix shows how tolerance is affected by changes in individual plant traits (squares in 7 
panels (a)). At the same time the graphs show how different components that might have a direct 8 
effect of tolerance are affected by the same trait change in both the absence of disease and the 9 
presence of a severe epidemic. The components considered are: (a) yield; (b) total realised sink 10 
size; (c) percentage of total sink filled at the end of the rapid-fill period; (d) HAD (green tissue 11 
area per unit ground area integrated over time); (e) number of grains per ear; (f) amount of water 12 
soluble carbon (WSC) per stem at the end of the slow-fill period (g) percentage of stem storage 13 
capacity used at the end of the slow-fill period and (h) HAD per grain. Squares represent 14 
tolerance, triangles represent disease-free/fully treated plants, whereas circles represent plants 15 
affected by a severe epidemic. Blank areas in the plot represent traits that lead to unviable plants, 16 
i.e. the assimilates collected pre-anthesis are not sufficient to cover the demand of the leaves, 17 
roots and stem structural tissues. To aid interpretation in all figures the intolerance axis has been 18 
reversed. Although the data points still represent intolerance, upward trends now represent a 19 
decreased intolerance (sensu increased tolerance). The x-axis is representative of the current 20 
genotypic variability for the trait in question as identified during a literature search. 21 
The figures are grouped according to five different categories of traits, i.e. traits that are 22 
associated with: 1) Sink capacity; 2) carbon fixation ability; 3) Stem storage capacity and stem 23 
reserves remobilisation ability; 4) growth periods and 5) structural biomass. Some traits are 24 
associated with multiple categories, but are only shown in the first category of interest. 25 
  26 
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Sink capacity 1 
 2 
Fig. SI4.1 Effect of changes in the fraction of ear versus stem reserves investment on disease 3 
tolerance. 4 
 5 
%
 s
in
k
 f
ill
e
d
0
20
40
60
80
100
Fraction ear versus stem 
reserves investment
0.38 0.40 0.42 0.44 0.46 0.48
H
A
D
0
50
100
150
200
250
T
o
ta
l 
s
in
k
 s
iz
e
 
(g
 D
M
 s
to
ra
g
e
 c
a
p
a
c
it
y
)
0.0
0.5
1.0
1.5
2.0
Y
ie
ld
 (
t/
h
a
)
0
2
4
6
8
10
'T
o
le
ra
n
c
e
' 
(t
/h
a
 p
e
r 
H
A
D
)
0.00
0.02
0.04
0.06
0.08
0.10
%
 s
te
m
 s
to
ra
g
e
 
c
a
p
a
c
it
y
 u
s
e
d
0
20
40
60
80
100
Fraction ear versus stem 
reserves investment
0.38 0.40 0.42 0.44 0.46 0.48
H
A
D
 p
e
r 
g
ra
in
0
2
4
6
8
10
W
S
C
 (
g
 s
te
m
-1
)
0.0
0.2
0.4
0.6
G
ra
in
s
 p
e
r 
e
a
r
0
10
20
30
40
(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)
 6 
Figure SI5.1 7 
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Fig. SI5.2 Effect of changes in the maximum number of grains per ear on disease tolerance. 1 
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Fig. SI4.3 Effect of changes in the fraction of grain versus stem reserves investment on disease 1 
tolerance. 2 
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Fig. SI4.4 Effect of changes in maximum potential grain volume on disease tolerance. 1 
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Fig. SI4.5 Effect of changes in leaf distribution on disease tolerance. 3 
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Fig. SI4.6 Effect of changes in shoot density on disease tolerance. 1 
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Fig. SI4.7 Effect of changes in light extinction coefficient on disease tolerance. 1 
%
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Fig. SI4.8 Effect of changes in maximum photosynthetic capacity on disease tolerance. 1 
%
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Stem storage capacity and stem reserves remobilisation ability 1 
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Fig. SI4.9 Effect of changes in stem height at anthesis on disease tolerance. 3 
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Fig. SI4.10 Effect of changes in stem diameter on disease tolerance. 1 
%
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Fig. SI4.11 Effect of changes in fractional stem thickness on disease tolerance. 1 
%
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Fig. SI4.12 Effect of changes in stem storage efficiency on disease tolerance. 1 
%
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Fig. SI4.13 Effect of changes in stem reserves remobilisation rate on disease tolerance. 1 
%
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Fig. SI4.16 Effect of changes in rapid-fill period on disease tolerance. 1 
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Fig. SI4.17 Effect of changes in leaf specific weight on disease tolerance. 3 
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Fig. SI4.18 Effect of changes in stem specific weight on disease tolerance. 1 
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Fig. SI4.19 Effect of changes in root mass on disease tolerance 1 
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